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Executive Summary

This report, the first of two volumes, examines the occurrence of uranium in its natural settings in
the United States, its industrial uses, and the methods employed over the last century to extract it from ore
deposits. In addition, the report explores the nature of solid and liquid wastes generated by the extraction
methods, and the various reclamation and remediation methods which can environmentally restore the
extraction site. A second volume, to be issued separately, will examine, in a general way, the potential
radiogenic cancer risks from abandoned uranium mines, as well as environmental and geographical issues
associated with those mines. The intent of that report will be to generally identify who is most likely to be
exposed to uranium, and where the greatest risks may be found. U.S. Environmental Protection Agency
(EPA) field studies are used in both reports, providing examples of current conditions of abandoned and
remediated mines. A related report compiles information from multiple sources providing locations
throughout the United States, though concentrating on sites of the western U.S., that have been explored
or mined for uranium.

In this report, Naturally Occurring Radioactive Material (NORM) is defined as: Materials which
may contain any of the primordial radionuclides or radioactive elements as they occur in nature,
such as radium, uranium, thorium, potassium, and their radioactive decay products, that are
undisturbed as a result of human activities. The term Technologically Enhanced Naturally Occurring
Radioactive Material (TENORM) is defined as: Naturally occurring radioactive materials that have
been concentrated or exposed to the accessible environment as a result of human activities such as
manufacturing, mineral extraction, or water processing. Technologically enhanced means that
the radiological, physical, and chemical properties of the radioactive material have been altered by having
been processed, or beneficiated, or disturbed in a way that increases the potential for human and/or
environmental exposures.

EPA:s Radiation Protection Division decided that a further review of the current hazards
associated with uranium mining TENORM was warranted following a review of EPA:s guidance for
TENORM by the National Academy of Sciences (NAS), EPA:s response to the NAS study, and
discussions with EPA=s Science Advisory Board (SAB). The SAB agreed with EPA’s intent to make
TENORM documents useful to a broad audience, but also recommended that the whole life cycle of a
TENORM source, in this case uranium extraction, be considered beyond regulatory or inter-agency
considerations, and that the impacts of non-radiological contaminants also be examined.

In addition to most sources of TENORM, EPA has authority for environmental standard setting
under the Uranium Mill Tailings Radiation Control Act, cleanup of hazardous waste sites which currently
include some former uranium mines, and assistance to Native Americans that has also included
environmental reviews of proposed in situ leaching (ISL) facilities. This document will provide limited
background materials on uranium milling and ISL operations and waste generated by those processes,
even though they are considered to be byproduct materials, not TENORM, under the Atomic Energy Act
and its amendments. Information will also be provided on the regulatory agencies responsible for
oversight of those operations.

Uranium mills and mill tailings impoundments are regulated by the NRC or its Agreement States.
Many of the physical and chemical processes used at uranium mills are the same as those which extract
uranium at ISL operations. While the tailings are not legally considered TENORM in the United States,
this phase of the uranium fuel cycle is described in the report, in part, because radiation protection
standards for the tailings impoundments may have applicability to waste disposal for uranium mine
TENORM wastes. Additionally, the NRC has decided to allow mill operators to dispose of wastes other
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than tailings in the impoundments. This may be a possible disposal route for some currently unreclaimed
conventional uranium mine TENORM.

Uranium in ores can be extracted and chemically converted into uranium oxide (UsOs) or other
chemical forms usable in industry. Uranium-238 undergoes radioactive decay into a long series of 13
different radionuclides before finally reaching a stable state in lead-206. These radionuclides each emit
alpha or beta radiation and some also emit gamma radiation. Some of these progeny radionuclides are
highly radioactive and can pose significant human health risks. One of those radionuclides in the series is
actually a radioactive gas, radon-222. The most significant applications of uranium have been for nuclear
weapons production and electric power generation. Concurrent with these efforts to develop weapons and
harness atomic energy for electricity, the surging demands for uranium led to an exploration and mining
boom for the mineral commencing in the late 1940s and ending in the 1980s, with a continuing decline
until about 2004. An increase in all aspects of the industry since then included drilling, mining,
production and employment.

Most uranium mining in the United States has taken place in the Colorado Plateau region
including the states of Utah, Colorado, New Mexico, and Arizona, though more than a dozen states have
hosted uranium mining operations. Some mines were focused on extraction of just uranium minerals,
whereas many other mines produced uranium along with other valuable minerals found together in the
same ore.

Mining is the mechanical process by which mineral ores are extracted from the earth. The term
ore implies economic viability in which the value of the metal extracted from the host rock is worth more
than the total costs of extraction and site restoration. Protore is mined uranium ore that is not rich enough
to meet the market demand and price. This subeconomic ore is often stockpiled at the mine site for future
exploitation under the appropriate economic or market demand conditions. A significant waste material
that is classified as TENORM from uranium mining is overburden. Overburden overlies the uranium ore
body, but is not necessarily enriched in uranium as is protore. Other mine wastes which could be
classified as TENORM include unreclaimed subeconomic ores (protore), waste rock (which is rock void
of uranium ore which may have been set aside as waste after removal of top-soil, overburden and uranium
ore or veins), drill core and cuttings, and mine and pit (or pit lake) water.

Early mining methods for uranium used what are termed conventional methods: open-pit mining
is employed for ore deposits that are located at or near the surface, while underground mining is used to
extract ore from deeper deposits. The early small mining endeavors generated small quantities of waste
typically discarded within a few feet to hundreds of feet (100 meters or more) of the mine opening or pit.
Generally, tens to hundreds of acres (or hectares) may be covered by overburden and waste rock at
surface mining sites. This study found that the surface area affected by major underground mining
activities generally involves less than about 50 acres (20 hectares).

The volume of waste produced by surface, open-pit mining is a factor of approximately 45 greater
than from underground mining, based on their respective averages. Thus, the amount of overburden
generated from open-pit mines far exceeds that of underground mines. The U.S. Geological Survey
estimated that the total amount of waste rock generated by the approximately 4,000 operating
conventional mines in their data files is between one billion and nine billion metric tons of waste, with a
likely estimate of three billion metric tons. The characteristics of overburden and waste rock from
conventional mines depend on the geology of the zone where the ore was originally mined, and how the
waste was subsequently treated. Overburden and waste rock can include huge boulders that may have
been broken down with explosives and heavy machinery into particles as small as clay size.
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Increased use of ISL as an “unconventional”, though now relatively common, mining method,
has significantly reduced the volume of solid waste generated (regulated by the NRC or its Agreement
States). The solid waste from ISL consists of: (1) soil and weathered bedrock material, (2) waste from
drilling of injection and production wells, and (3) solids precipitated during storage and processing of
fluids in holding ponds. The total areal extent of an ISL operation may be large, covering from 200 to
more than 6,000 acres (81 to 2,430 hectares), depending on how drill holes are situated, and how
extensive evaporation ponds are, though the facilities themselves may take up only a small part of the
total acreage. Available data are insufficient to estimate the total amount of solid and liquid wastes
generated by existing and previous ISL operations.

Radiation and hazardous materials studies from mine reclamation assessments indicate that
material identified as “waste” or “overburden” varies widely in radium-226 activity, but that for most
waste piles dominated by overburden material, measurements higher than 20 pCi/g (0.74 Bqg/g) are
unusual. Protore, on the other hand, can be considerably higher in radium-226 activity, with most material
in the range of 30-600 pCi/g (about 1-22 Bqg/g). As a point of comparison, information on radionuclides
present in ISL operation wastewater ponds is very limited. Liquid wastes from those operations have
some residual uranium and radium-226 activities that range from background levels (<2 pCi/L) to
concentrations as high as 3,000 pCi/L (111 Bg/L). Solid wastes from ISL operations can have several
hundred ppm uranium and 300-3,000 pCi/g radium-226 (about 11-111 Bg/g).

Radon measurements in some abandoned underground mines where mechanical ventilation has
ceased are quite high, and pose risks for prolonged human exposure by members of the public visiting for
recreation, exploration of old workings for geologic purposes, or reclamation workers. As an example,
radon readings by alpha track canisters installed at underground mine portals of the Ross Adams uranium
mine in Alaska measured from 212 pCi/L to 540 pCi/L (about 8 to 20 Bg/L). Radon emanation
coefficients (the fraction of radon atoms present in a material that emanate into rock or sediment pore
space) for sandstone and other uranium ores are extremely variable. Coefficients vary with: (1) uranium
mineralogy; (2) radium mineralogy; (3) host rock lithology; (4) grain size of uranium/radium minerals;
(5) comminution, or fineness, of the ore; (6) estimated porosity and permeability of the ore; (7) moisture
content; and (8) ore grade. Unlike barren or low-activity waste rock, waste rock and protore piles with
elevated activity not only form more radon, but in many districts they release a great deal of that radon to
pore spaces, and the radon is free to migrate.

Radon flux rates from overburden are difficult to characterize because of the rock’s diverse
physical forms and matrices, and diverse emplacement and disposal methods. Field measurements
indicate that average radon flux rates vary from about 2—-60 pCi/m?s (about 0.07—2 Bg/m?s) for
overburden materials to as high as a few hundred pCi/m?s (> about 7 Bg/m?s) for low-grade ore materials.
The broad range of radon flux rates is due, in part, to varying radium concentrations (the parent
radionuclide) found in protore that is at times disposed of with overburden. Radon flux rates much higher
than these wastes have been reported for undisturbed natural rock outcrops adjacent to uranium extraction
operations.

Elevated gamma radiation is always found at uranium mine sites. The primary contributors to
gamma exposure are the decay products of radium; the higher the radium present, the higher the ultimate
gamma exposure rate. Radium content is also roughly proportional to uranium content in raw mine
materials. Exposure rates associated with ambient background levels range from 10 to 85 pR/hr,
averaging about 20 pR/hr including background. Protore exposure rates range from 80 to 1,250 uR/hr,
with an average value estimated at 350 uR/hr.
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A number of heavy metals may occur in association with uranium deposits and wastes from
uranium mining. Heavy metals on site, particularly arsenic, can be of concern, and can pose serious risks
if they migrate to groundwater. Depending on local geology and climate, the presence and eventual
leaching or remobilization of these metals could lead to contamination of surrounding lands and water
bodies. Waters affected by uranium mining may be on, adjacent to, or at some distance from a mine or
mines. Uranium and thorium, and radium to a lesser extent, can be mobilized by either acidic or alkaline
solutions. Pyrite and other sulfur-bearing minerals are key determinants as to whether acid mine drainage
occurs. Most of the mines located in the sedimentary sandstone deposits of the southwestern United States
are not in pyritic formations (with the exception of ores in South Texas, where pyrite and its
pseudomorph, marcasite, are common), and the resulting runoff waters or pit lakes are generally neutral to
alkaline in character (pH of 7 or higher). However, this contrasts with the measurements made at mine
locations in the Pacific Northwest—areas with higher-than-average rainfall amounts and metamorphic
and igneous rocks, including sulfur-bearing minerals that could transform runoff into acidic waters
(pH < 7).

Mining reclamation is the act of returning a mine to a long-term stable condition, or its original
contour, to ensure the safe reuse of the site by both current and future generations. When possible, a
reclamation plan aims to return the affected areas to previously existing environmental conditions.
Differing views as to what is an acceptable environmental condition for reclaimed mining sites explain
the varying regulatory requirements for uranium mining sites. The existence of bonding requirements
and/or financial guarantees in the cases where private parties are involved in the mine may also play an
important role in determining the extent of reclamation. Extraction facilities licensed by the NRC or its
Agreement States are required to have bonds sufficient to allow a third party to reclaim the property
should the company holding the site fail. Additionally, regulatory requirements affect selected
reclamation techniques, as some techniques may be adequate to meet less stringent requirements, but will
not be suitable for more restrictive requirements. In some cases, the remoteness and aridity of a site and
reduced risk for human exposure may affect decisions on whether a site is in need of reclamation, or the
extent to which it is reclaimed, if at all.

Many site factors can influence the reclamation of a mining site, including topography, geology,
hydrology, hydrogeochemistry, climatology, ecology, operating characteristics, radiological
characteristics, and socioeconomic characteristics. For example, the topographical setting (whether the
site is located in a valley or on a hillside) can affect a site=s hydrology and climate. Knowledge of a site=s
climatology, hydrology, and hydrogeochemistry is needed for assessing its impacts on water bodies in the
area. In turn, these impacts may influence decisions on strategies and techniques for reclamation.

A site=s operational and radiological characteristics are of prime importance in its reclamation.
The historical type of mining, mine layout, and extraction methods will affect the location and types of
wastes present, and knowledge of how the mine operated can improve reclamation procedures utilized.
Geotechnical aspects of the mine, including its stability, will help determine if certain reclamation options
will endanger the workers, while radiological and chemical characteristics determine how much
reclamation must be conducted. Off site characterization is extremely important too, as both natural and
human factors may have resulted in dispersion of dusts, rock, liquid, refuse or other wastes contaminated
with radionuclides or other pollutants beyond the borders of a mine or its related facilities. Transport of
ore and waste rock to other locations away from a mine are not uncommon. In this regard, reconnaissance
walking, aerial, and radiation surveying may provide initial evidence of the need for more detailed
evaluations. Sampling of water and soils off site may also provide evidence of contaminant releases.
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Treatment of contaminated mine wastewater is usually required, with release concentrations of
specific contaminants dictated by federal and state requirements. While many treatment technologies are
capable of achieving concentrations that are well below regulatory requirements, the accumulation of
contaminants in the sediments may also need to be taken into account. Traditionally, large volumes of
contaminated water being pumped or released from a site (greater than 1,500 ft*/hr (42.5 m%hr)) are
usually treated by some form of chemical process, though it may also be treated by newer technologies,
such as biological treatment in wetlands, evaporation ponds, and reactive barriers. The residues and
sludges from the treatment must be disposed of as determined by the state, federal, or Tribal land
management agency. This can occur either on-site or at an engineered low-level radioactive waste
disposal cell, or an approved off-site disposal area. In some cases, depending on the quality of remediated
water, standing bodies of water may be left behind permanently.

EPA groundwater protection standards issued under authority of UMTRCA are required to be
followed by ISL licensees of the NRC or its Agreement States. Remediation of groundwater in the
wellfield must be conducted to return the groundwater and other systems to as close to pre-extraction
conditions, or EPA drinking water maximum contaminant limit levels where possible or practical. If that
is not possible, alternate concentration limits (ACL’s) in terms of the presence of metals, organics, pH
level, and radioactivity, may be approved by the NRC or its Agreement States, with EPA concurrence. In
addition to those requirements, ISL operators also must comply with EPA Underground Injection Control
regulations. Groundwater restoration is accomplished through a strategy called pump and treat. After an
ISL wellfield is exhausted, the aquifer must be restored. During aquifer restoration operations, relatively
large volumes of wastewater are generated. Waste disposal systems at ISL operations usually consist of a
combination of evaporation ponds, deep-well injection, and surface discharge (usually via irrigation).
Evaporation ponds must be double lined and must incorporate leak-detection and collection systems.
Pond residues must be shipped off site to approved disposal facilities. Regulations prohibit the injection
of ISL waste into aquifers containing less than 10,000 ppm of total dissolved solids. A variety of aquifer
restoration processes have been used in the United States. Remediation generally follows five stages: (1)
groundwater sweep, (2) water treatment, (3) reductant addition, (4) circulation, and (5) stabilization.

Reviews are provided in Chapter 4 of the report of the principal methods of reclaiming open-pit
and uranium mines, including means of remediating releases of radionuclides, metals, or other hazardous
materials on, and off-site. A discussion is also provided of the principal regulatory and other guidances
issued by EPA, the NRC, and DOE for managing radiation at uranium mills and their tailings
impoundments, closure of uranium extraction facilities, cleanup of radioactively contaminated soils, and
protection and cleanup of groundwater sources from contamination from uranium mines and extraction
facilities.

Data from a Department of Energy/Energy Information Administration study reveal that the costs
of reclamation without site monitoring for 21 mines ranged from a low of $2,337/hectare of disturbance
to a high of $269,531/hectare of disturbance. The average total estimated cost is $13.9 million per mine.
Many smaller mines less than 25 acres (10 hectares), which may constitute the majority of currently
unreclaimed mine-scarred lands, especially in arid regions, may require remediation costs on the order of
$45,000 or less. This cost would be incurred to bury waste piles back in a pit or underground mine
opening, clean up the soil to lower radionuclide and metal levels, and close or armor the mine opening
with rock. Remediation actions under CERCLA for spilled ore off-site of a mine can be expensive. U.S.
DOE/EIA in 1995 estimated average decommissioning costs for ISL operations were an estimated $7
million. On the other hand, cleanup in 2005 of 12 sites where ore had spilled off of ore trucks on the haul
road between the Midnite Mine and the Dawn Mill in Washington state, some 18 miles distant, amounted
to a cost of approximately $357,500.
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When mining or extraction facilities are closed, stewardship and monitoring may or may not be
required to ensure that remediation goals have been met. This requirement depends on statutory
requirements for federal, state or Tribal agencies, the nature of the site, and local site conditions. For
example, after the stabilization monitoring phase at NRC or Agreement State licensed/permitted ISL
facilities, if there is no indication of increasing levels of groundwater constituents of concern, the site is
released for unrestricted use. Conversely, mines remediated under EPA Superfund oversight, can require
open ended periodic monitoring until it is similarly determined that the site can be released. Many mines
on federal, state, and Tribal lands in the western U.S. have been considered closed without need for
further monitoring once they have been reclaimed (or remediated if necessary). Uranium mill tailings sites
under UMTRCA requirements once reclaimed are licensed to the DOE and designed for 1,000 years of
control.

Overall, this report provides technical information on uranium mining, the associated TENORM
wastes, and impacts from production. In addition, information is presented on reclamation and
remediation considerations and technology used to facilitate the appropriate management of radiation and
waste materials at both uranium mines, and uranium extraction facilities.
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Chapter 1. Introduction

Uranium is a common element in nature that has for centuries been used as a coloring agent in
decorative glass and ceramics. Uranium and its radioactive decay products are ubiquitous in
nature, and contribute to natural background radiation found everywhere. In fact, it is important
to note that many of the natural occurrences of uranium present radiation hazards without any
disturbance from miners. By far, the greatest uses of uranium have been defense and electric
power generation. The advent of nuclear weapons and nuclear power in the United States resulted
in a full-blown exploration and mining boom starting immediately after World War II, making
uranium the most important commodity in the mining industry. The uranium production peak
spanned from approximately 1948 to the early 1980s (U.S. DOE/EIA 1992). Some uranium
mining continues in the United States, and relatively high-grade resources in other parts of the
world are being mined to meet continued demand. Through the first half of 2005 the industry had
generated over 358,000 metric tons (MTs) of uranium (U;0Os) to foster U.S. dominance in nuclear
weapons technology, and later to feed the growing number of commercial power plants that
utilized the enormous energy contained in the uranium nucleus.'

Another legacy of uranium exploration, mining, and ore processing were many unreclaimed land
workings left behind where the uranium concentration in rock was either found or thought to be
economically recoverable. Thousands of miners and prospectors, as well as large mining
companies, searched the United States for mineral deposits concentrating the valuable metal,
echoing the California gold rush 100 years earlier. In many instances before the 1970s, they left
behind unreclaimed and exposed wastes elevated in radioactivity from uranium and its
radioactive decay progeny, potentially exposing people and the environment to its hazards.

In this report, Naturally Occurring Radioactive Material (NORM) is defined as: Materials which
may contain any of the primordial radionuclides or radioactive elements as they occur in
nature, such as radium, uranium, thorium, potassium, and their radioactive decay
products, that are undisturbed as a result of human activities. Radiation levels presented by
NORM are generally referred to as a component of “natural background radiation”.

The term Technologically Enhanced Naturally Occurring Radioactive Material (TENORM)

is defined as: Naturally occurring radioactive materials that have been concentrated or
exposed to the accessible environment as a result of human activities such as
manufacturing, mineral extraction, or water processing. “Technologically enhanced”
means that the radiological, physical, and chemical properties of the radioactive material have
been altered by having been processed, or beneficiated, or disturbed in a way that increases the
potential for human and/or environmental exposures. This definition differs somewhat from other
definitions provided by the National Academy of Sciences (1999a) and the Conference of
Radiation Control Protection Directors (CRCPD 2004) in that it further amplifies the need to
include materials which have not been modified by human activities, yet have been disturbed in
such ways that they can be misused by humans, or affect the environment; it does not include a

! Data compiled from U.S. DOE/EIA 2003a, 2003b, 2005b.

2 The National Academy of Sciences (1999a) defined TENORM as “...any naturally occurring radioactive
materials not subject to regulation under the Atomic Energy Act whose radionuclide concentrations or
potential for human exposure have been increased above levels encountered in the natural state by human
activities.” The International Atomic Energy Agency (2003), although referring to this class of wastes
and products as “NORMSs”, defined them as encompassing “all naturally occurring radioactive materials
where human activities have increased the potential for exposure in comparison with the unaltered
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reference to Atomic Energy Act materials as the definitions are changing (see further below and
Appendix VI).

Under the Atomic Energy Act, the U.S. Nuclear Regulatory Commission (NRC) regulates
operations which produce and concentrate uranium and thorium. In accordance with terminology
of the Act, the NRC has defined in 10 CFR 40.4 “source materials” as (1) uranium or thorium,
or any combination thereof, in any physical or chemical form or (2) ores which contain by
weight one-twentieth of one percent (0.05%) or more of: (i) uranium, (ii) thorium or (iii)
any combination thereof. Source material does not include special nuclear material. It also
defines the “by-product materials” (wastes) of those operations as tailings or wastes produced
by the extraction or concentration of uranium or thorium from any ore processed primarily
for its source material content, including discrete surface wastes resulting from uranium
solution extraction processes. Underground ore bodies depleted by such solution extraction
operations do not constitute “byproduct material” within this definition. Byproduct materials
are also regulated by the NRC.

However, certain types of waste from conventional mining of uranium (surface and underground
mining) are not subject to NRC regulation, and are considered to be TENORM. Thus, while this
report includes information about uranium extraction, processing methods and wastes, only the
wastes from conventional mining are considered to be TENORM, and subject to U.S.
Environmental Protection Agency (EPA) and State agency oversight. Those distinctions will be
made clear below, and elsewhere in this report.

Under the Energy Policy Act of 2005, the Atomic Energy Act was amended to place additional
discrete (highly radioactive in small quantities) sources of TENORM under NRC jurisdiction
which had the potential for use in a radioactive weapon. The definition of byproduct materials
was further modified to include discrete sources of radium-226, any material made radioactive by
use of a particle accelerator for use for a commercial, medical or research activity, or materials
which might pose a similar threat if used to make a radioactive weapon. Specific requirements
were provided for determining the appropriate waste disposal methods for these materials. The
NRC regulatory definitions of byproduct materials to accommodate these amendments have not
been revised to reflect the recent amendments as of this writing. While these products and wastes
are not the subject of this report, further discussion on these changes to the Atomic Energy Act
are included in Appendix VI.

Other important acronyms and definitions of key terms in this report can be found in Appendix L.

situation. Concentrations of radionuclides (i.e. TENORM) may or may not have been increased.”
Alternatively, the Conference of Radiation Control Program Directors (CRCPD 2004) has defined them
as a naturally occurring radioactive material whose radionuclide concentrations are increased by or as a
result of past or present human practices. TENORM does not include background radiation or the natural
radioactivity of rocks or soils. TENORM does not include "source material" or "byproduct material”" as
both are defined in the Atomic Energy Act of 1954, as amended (AEA 42 USC §2011 et seq.) and
relevant regulations implemented by the NRC. EPA believes the definition should include materials
which were disturbed, but not further concentrated by human activities; by not including this slightly
broader definition, not only a significant amount of radioactive waste, but nearly all products which
include TENORM would be exempted from regulation.
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Previous EPA Reports

The U.S. Environmental Protection Agency has previously issued reports on the uranium mining
industry in response to congressional mandates and programmatic needs. In 1983, EPA published
its Report to Congress on the Potential Health and Environmental Hazards of Uranium Mine
Wastes (U.S. EPA 1983 a, b, ¢), as required by the Uranium Mill Tailings Radiation Control Act
of 1978. This study provided an important overview of the characteristics and generation of
uranium mining TENORM wastes during a period when the uranium mining industry was still
near its production peak. A subsequent 1985 Report to Congress on Wastes from the Extraction
and Beneficiation of Metallic Ores, Phosphate Rock, Asbestos, Overburden from Uranium
Mining, and Oil Shale (U.S. EPA 1985), carried out pursuant to requirements of the Resource
Conservation and Recovery Act of 1976 (RCRA), as amended, provided additional risk
information and characterization of uranium mining waste. In 1995, EPA issued the Technical
Resource Document: Extraction and Beneficiation of Ores and Minerals: Uranium as a technical
update to provide a means of evaluating wastes that were exempt from or subject to regulation
under RCRA (U.S. EPA 1995a).

During the period 1989 to 1993, EPA worked on a draft scoping report (SC&A 1993), now out of
print, which compiled information on TENORM in several industries, including uranium mining.
A preliminary risk assessment was also developed for certain public and occupational exposure
scenarios to the known radiation levels in those industries. Comments received on the draft from
industry, as well as EPA=s Science Advisory Board (U.S. EPA 1994), resulted in further revisions
of the scoping draft, though it was ultimately decided that a final report would not be issued.

Following a review of EPA:s guidance for TENORM by the National Academy of Sciences
(NAS 1999a), EPA:s response to the NAS study (U.S. EPA 2000b), and discussions with EPA=s
Science Advisory Board (SAB), EPA=s Radiation Protection Division decided that a further
review of the current hazards associated with uranium mining TENORM was warranted.

The SAB (U.S. EPA 2001d) agreed with EPA’s intent to make TENORM documents useful to a
broad audience, but also recommended that the whole life cycle of a TENORM source, in this
case uranium extraction, be considered beyond regulatory or inter-agency considerations, and that
the impacts of non-radiological contaminants also be examined in the Agency’s technical reports.
In addition to most sources of TENORM, EPA has authorities for environmental standard setting
under the Uranium Mill Tailings Radiation Control Act, cleanup of hazardous waste sites which
currently include some former uranium mines, and assistance to Native Americans that has
included assistance in environmental reviews of proposed in situ leach (ISL) facilities. This report
will provide limited background materials on uranium milling and ISL operations and waste
generated by those processes, even though they may not be considered TENORM by virtue of
their regulation under the Atomic Energy Act and its amendments; information will also be
provided on the regulatory agencies responsible for oversight of those operations.

Uranium mills and mill tailings impoundments are regulated by the NRC or its Agreement States.
Many of the physical and chemical processes used at uranium mills are the same as those which
extract uranium at ISL operations. While the tailings are not legally considered TENORM in the
United States, this phase of the uranium fuel cycle is described in the report in part because
radiation protection standards for the tailings impoundments may have applicability to waste
disposal for uranium mine TENORM wastes. Additionally, the NRC has decided to allow mill
operators to dispose of wastes other than tailings in the impoundments, which is a possible
disposal route for some currently unreclaimed conventional uranium mine TENORM.
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This report is the first of two volumes on uranium mining TENORM. It provides background
information on the occurrence, mining, and reclamation of uranium mines and mills. Chapter 1
examines the occurrence of uranium in nature, its uses, and its contribution to background
radiation in the United States. Chapter 2 provides an overview of mining and milling methods
used to extract uranium from its host rocks, while Chapter 3 provides an evaluation of the volume
and characteristics of uranium mining TENORM wastes in the United States. Chapter 4 provides
a process-oriented review of reclamation® and remediation® techniques and goals to clean up
uranium mines and extraction facilities to reduce their hazards to the environment, while Chapter
5 summarizes the key information developed in the report. The second volume entitled
Technologically Enhanced Naturally Occurring Radioactive Materials (TENORM) from Uranium
Mining: Volume II: Investigation of Potential Health, Geographic, and Environmental Issues of
Abandoned Uranium Mines (2006a), will evaluate, in a general way, potential radiogenic cancer
and environmental risks posed by abandoned uranium mines. A technical report entitled Uranium
Location Database (EPA 2006b) in concert with these volumes will provide information on an
EPA generated digital spatial database on mines with uranium, and mill locations.

Information on uranium mining waste characteristics for this report has been obtained from
several sources, including industries, EPA contractors, federal, state, and Tribal agencies, and
scientific literature published by various national and international organizations. EPA=s own
field studies on a number of uranium mining sites around the United States, several of which are
described in the case studies of the Appendix, have contributed to a better understanding of the
physical, geographic, and chemical aspects of these wastes. The draft of this report underwent an
outside peer review following the Agency’s peer review process, and was provided to member
agencies of the Interagency Steering Committee on Radiation Standards (ISCORS) Subcommittee
on NORM, as well as other selected knowledgeable individuals and organizations, for comment.

Based on reviewers: comments received on the draft reports as well as meetings with
stakeholders, the Agency will make a determination on what further steps may be necessary for
the purpose of radiation protection from this source of waste material. The specific wastes of EPA
concern from this report and study are from conventional open-pit and underground uranium
mines, and include overburden, unreclaimed subeconomic ores (protore), waste rock’, core hole
and drill cuttings, mine and pit (or pit lake) water.

As a result of the review comments, significant new information was added to the report on
uranium geochemistry and radionuclide environmental transport, as well as on uranium mine,
ISL, and mill tailings reclamation methods and requirements. Waste and mining terminology was
made more consistent across the report, more definitions of geological, mining, and radiological
terms were provided and also included as a glossary in Appendix I, the report tone was changed,
and several new references and figures were added. New text was added to this chapter (see
above) to clarify the reasons information is included in this report on ISL and milling operations,
even though they are for the most part overseen by agencies other than EPA. Responding to

Reclamation is the restoration of mined land to its original contour, use or condition.

Remediation is the cleanup or other methods used to remove or contain a toxic spill or hazardous
materials from a Superfund site or uranium mine or extraction facility, including those included under the
Uranium Mill Tailings Radiation Control Act (UMTRCA).

Rock void of uranium ore which may have been set aside as waste after removal of top-soil, overburden
and uranium ore or veins. Waste rock is defined as barren or submarginal rock or ore that has been
mined, but is not of sufficient value to warrant treatment and is therefore removed ahead of the milling
processes.



reviewers’ comments, we have clarified in each chapter where specific wastes described are not
considered TENORM and are subject to other agency regulations, and have added a new
Appendix (VI) which provides information on the regulatory authorities of the principal federal
and other agencies which oversee various aspects of uranium extraction and production. Errors in
fact and numbers cited which we could verify were corrected throughout the report. Uranium
price trends and mine production and reclamation status/ownership information was also updated
as of early 2006.

Origins of Uranium

Uranium has been around a long time. Cosmologists believe uranium was formed in supernovae
billions of years ago. Uranium is a metal found in most rocks on Earth in concentrations of one to
four parts per million. Uranium is in fact more abundant than gold, silver, mercury, antimony, or
cadmium, and more or less as common as tin, cobalt, lead, molybdenum, and arsenic (CRC
1994). And contrary to popular perception that uranium is somehow far away and isolated in
high-security facilities, traces occur almost everywhereCin plants, soil, rock, seawater, and
animals (including humans).

The German chemist Martin Klaproth is credited with discovering uranium in samples of the
mineral pitchblende in 1789. He named it for the planet Uranus, discovered only eight years prior.
Uranium was first isolated as a metal in 1841 by Eugene-Melchior Peligot. French scientist Henri
Becquerel is noted for (among other things) discovering the property of radioactivity while
observing radiation from the highly radioactive decay progeny (called radium) closely associated
in uranium-bearing rock (Ewing 1999).° While “discovered” in the late 18th century, uranium had
nevertheless been used for many centuries as a colorant in glass and ceramics. Yellow-colored
glass containing one percent uranium oxide has been found in Italy dating to 79 A.D. (CRC
1994).

Physical Nature of Uranium

Uranium, a naturally occurring element with the atomic number 92, contributes to low levels of
natural background radiation in the environment. Uranium in ores can be extracted and
chemically converted into uranium dioxide (UO,) or other chemical forms usable in industry.
When refined, uranium is a silvery-white metal with very high densityC65 percent denser than
lead (CRC 1994).

Uranium is found naturally as three different isotopes’: U-238, U-235, and U-234. Other isotopes
can be synthesized (created by humans), but all uranium isotopes are radioactive to varying
degrees. Almost all uranium as found in nature is the isotope U-238 (Table 1.1). While in this
report, general reference to uranium will be to uranium in its natural isotopic proportion, unless
otherwise stated, it should also be noted that these proportions are not in fact entirely fixed.

° See Appendix II for uranium decay series.

" An isotope is a variant of an element (having the same number of protons) but a different number of
neutrons in the nucleus. For example, uranium has 92 protons. But uranium-238 has 146 neutrons, and
uranium-235 has 143 neutrons.
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Table 1.1. Percentage of Natural Abundance and Half-Lives®
of Uranium Isotopes by Total Weight
Almost all uranium as found in nature is the isotope U-238.

Isotope Natural Abundance (% ) Half-Life (years)
U-238 99.2740 4.47 billion
U-235 0.7200 700 million
U-234 0.0055 246,000

Source: Eisenbud and Gesell 1997.

Uranium-238 undergoes radioactive decay into a long series of 13 different radionuclides before
finally reaching a stable state in lead-206. These radionuclides emit alpha or beta radiation and
some also emit gamma radiation of widely varying energies. EPA:s glossary of radiation terms’,
defines radioactivity as "the process of undergoing spontaneous transformation of the nucleus,
generally with the emission of alpha or beta particles often accompanied by gamma rays.” Some
of these progeny radionuclides are very radioactive and can pose human health risks. One of the
radionuclides in the series is actually a radioactive gas, radon-222, while the others are all solids.

Uses of Uranium in Industry

Uranium has more uses than many people are aware of, though most of them are fairly esoteric
(Table 1.2). By far, the greatest uses have been in nuclear weapons production and electric power
generation. Uranium has the rare property of being Afissionable.@ Its nucleus can be split, or
fissioned, and in the process, releases enormous amounts of energy (as well as significant
volumes of highly radioactive by-products). This realization in the late 1930s and early 1940s led
to arace by U.S. scientists to produce an atomic bomb during World War II. However, U-238, the
predominant isotope, is only nominally fissionableCnot enough so for a workable bomb. Of the
three natural isotopes of uranium, U-235 is by far the most fissionable. (see Appendix II for
uranium-235 (actinium) decay series. There have been reported occurrences of uranium deposits
in Africa which underwent spontaneous nuclear fission, and which were detected based on
discrepancies in the ratios of uranium isotopes present in the geological deposit (Meshik 2005).

A half-life is the time in which one-half of the atoms of a radioactive isotope decay into another nuclear
form. Half-lives vary from less than a billionth of a second to billions of years. Also called the physical
or radiological half-life. Isotopes with longer half-lives tend to be more stable and less radioactive.

? See on the Internet the following site: http:/www.epa.gov/radiation/terms/termqr.htm#r .
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Table 1.2 Multiple Industrial Uses of Uranium
Uranium has more uses than many people are aware of.

Types of Uranium

Industrial Uses

Primary Uses

Uranium

Nuclear weapons production and electric power generation.

Lesser-Known Uses

Uranium

For production of copper, nickel, and steel alloys to enhance specific properties.

For dating the Earth by making calculations based on the rate of decay of uranium
and the relative proportion of its stable progeny lead-206.

Incorporated into dental porcelain used for false teeth to simulate the fluorescence of
natural teeth (a relatively minor historical use).

Depleted uranium

For inertial guidance systems and gyro compasses.
Armor piercing conventional munitions, tank armor, and nuclear waste casks.

Refined uranium metal

For production of high-energy X-rays.

Uranyl nitrate

As a colored glaze for porcelain and glass and for manufacturing pigments (this
practice has more or less ceased in the United States).

Uranyl acetate

In dry-copying inks and as a reagent in chemistry.

Uranium salts

As mordants for dyeing silk and wool.

Compounds of uranium

For photographic toning, and staining and dyeing leather and wood.

Sources: NCRP 1987a; USGS 1973; U.S. NRC 2001.

To produce a functional uranium-based atom bomb, U.S. scientists needed a high concentration
of the isotope U-235. With great difficulty and cost, they separated the natural uranium isotopes
to increase the concentration of U-235 relative to U-238. This process is called enrichment,
because the extracted fraction is enriched in U-235 (to 90 percent or more for bombs). The
highly fissionable U-235 is also used to produce nuclear energy, but is typically enriched only
to about three percent (U.S. DOE 2002).

In addition to fission, atomic nuclei, such as uranium, can undergo a process called neutron
capture, which permits the generation of plutonium (Pu) isotopes. One of these, Pu-239, is even
more fissionable than U-235 and has very high energy outputs. Plutonium is made by
bombarding uranium-238 targets in specially designed reactors (Rhodes 1987).

The enrichment process produces huge quantities of remnant, depleted uranium that is almost
pure U-238. Depleted uranium is very stable and very dense, has poor fission properties, and is
only very weakly radioactive. Decades of uranium enrichment have generated enormous
quantities of depleted uranium. The U.S. Department of Energy has over 500,000 metric tons
(MTs) of surplus depleted uranium stored on site at two of its large enrichment facilities (U.S.

DOE 2002).

The uses of and markets for depleted uranium are fairly limited and are typically unrelated to any
nuclear properties. As such, its value is low. Perhaps the most notable use is in military munitions
and armored shielding. Like many other metals (e.g., magnesium), uranium is pyrophoric, which
means that it reacts quickly with oxygen. As a result, the rapid oxidation of small particles (which
have a relatively larger ratio of surface area to volume) of uranium can generate sufficient heat to
cause ignition. Consequently, due to this pyrophoric nature and high density, projectiles made of
depleted uranium burn on high impact and penetrate enemy armored tanks with ease. As
shielding, thick plates of depleted uranium effectively inhibit penetration from projectiles. Due to
its high density, depleted uranium finds domestic application in the keels of yachts, as ship
ballast, and as counterweights for control surfaces (rudders and elevators) in airplanes and
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helicopters. Also because of their high density, depleted uranium blocks are used for shielding
gamma radiation in research facilities.

Geology and Distribution of Uranium

The very large ionic size and chemical properties of uranium tend to allocate it to certain mineral
assemblages, and lend to fractionation and concentration of uranium in particular rock types.
Common uranium minerals include uraninite, coffinite, brannerite, carnotite, uranophane,
autunite, pitchblende, and torbernite. Of these, uraninite (nominally UQ,.y) is the most
widespread and significant economically, followed by coffinite (U(Si0O4); x(OH)4y), and
brannerite (U* Ti,Og) (Finch and Murakami 1999).

Most deposits of uranium in the U.S. were formed when oxidizing groundwater, which dissolves
and transports uranium in a hexavalent'®state, combines with carbonate, sulfate, and phosphate,
and were subsequently reduced in their oxidation state by the presence of either organic matter or
iron disulfide in the rock formations. If this occurred, uraninite or coffinite would have
precipitated in a quadrivalent (four net positive ions) phase (Burns and Finch 1999). The inverse
of this reaction (i.e., dissolution of uranium in mineral form) is used for ISL and
hydrometallurgical processing of uranium (see Chapter 2), and introduction of bisulfide or
hydrogen sulfide is a process used in aquifer restoration (see Chapter 4).

As aresult of its size and charge, the uranium atom does not tend to fit well into typical igneous
rock-forming minerals (such as feldspars, quartz, micas, amphiboles, pyroxenes, olivine, and
titanomagnetite) and tends to be concentrated in silica-rich magmas such as rhyolites and granites
(Burns and Finch 1999). Chemical weathering of these rocks is the likely process that leached out
uranium that was later deposited in sandstone-type uranium deposits (see below).

Where uranium is in sufficient concentration in rock to be economically recoverable, it is called
an ore body. More detailed information on ore deposit geology can be found in Guilbert and Park
(1996) and Edwards and Atkinson (1986). Uranium resources of U.S. economic interest are
primarily found in four main types of geologic deposits:

Sandstone Deposits

Sandstones contain approximately 33 percent of uranium resources worldwide, whereas they
constitute the main source of uranium (over 95% of reserves and production) in the United States.
The principal U.S. sandstone deposits of uranium are in the Colorado Plateau, the Wyoming
Basin, the Texas Coastal Plain, and Nebraska. Sandstone uranium deposits in the United States
were mostly commonly formed when uranium was introduced after the sediment was deposited,
whereas some sandstone uranium deposits in other parts of the world (most notably in Canada
and South Africa) are paleoplacers, in which uranium minerals were concentrated as heavy
minerals in the sediments as they were deposited.

An important subset of sandstone deposits are breccia pipe deposits found primarily in northern
Arizona; collapse structures in bedded sedimentary rocks resulted in the accumulation of uranium
in circular deposits mimicking volcanic rock structures. The presence of uranium, copper, silver,
vanadium and other valuable metals may occur in breccia pipes—the Orphan Mine (see

' The oxidation state or oxidation number is defined as the sum of negative and positive charges in an
atom, which indirectly indicates the number of electrons it has accepted or donated. Hexavalent means
that the uranium atom has six more protons than electrons, and thus a net positive charge of +6.
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Appendix III) is an example of this type of deposit in which structural geologic features
controlled mineral accumulations in sandstones and mudstones.

Vein Deposits

Typically, these deposits occur in or near structures (faults, fractures, shear zones, etc.). Uranium
is mineralized in cavities, fissures, cracks, and similar porous openings in veins (as well as
breccias and pipes) usually cross-cutting the enclosing rock, and is usually present with
accumulations of ore minerals and gangue (non-ore minerals) distinctly different from the
surrounding rock. The dimensions of cracks and vesicles (openings or cavities in volcanic rocks)
may vary considerably, as can the overall size of the vein ore body. Some ore bodies have been
very small (several tons), but rich in uranium. Uraninite and pitchblende are the dominant
minerals, with some accessory minerals.

Phosphate Deposits

Sedimentary marine phosphorite is the primary source of uranium in this category. An estimated
four million tons of uranium could be extracted from U.S. phosphate deposits. While marketable
phosphatic material obtained from phosphate deposits typically contains only 50B200 ppm
uranium, the large quantity (approximately 150 million MTs per year) of crude ore rock produced
in the United States (Jasinski 2003) makes it a potentially significant source of uranium.

Disseminated Deposits

Typically, these deposits are associated with granites, pegmatites, and syenites. The size, shape,
and concentration of the ore bodies vary significantly. Secondary enrichment of the primary
mineralization helped to form the ore grade that typically ranges between 0.05 and 0.15 percent.
Deposits near Spokane, Washington, and Bokan Mountain in Alaska, are the most prominent
disseminated deposits in the United States, though their production was insignificant in
comparison to that derived from other types of deposits such as sandstones.

A fifth type of deposit is important to production in Canada:

Unconformity Deposits
This type of deposit is high-grade ore that occurs along and just below major Precambrian
unconformities. Ore is often associated with graphite schists.

In defining what is ore, assumptions are made about the concentration in the rock; the cost of
mining, processing, refinement, waste management, and site restoration; and the market value of
the metal. Material too low in uranium to merit processing and refinement is often called protore,
a nominal material that is currently uneconomical. Soil and rock that is otherwise essentially at
background uranium and radiation levels, which is removed to gain access to underlying ore, is
called overburden.

Most uranium mining in the United States has taken place in the expansive Colorado Plateau
region straddling the Four Corners where Utah, Colorado, New Mexico, and Arizona meet.
Figure 1.1 illustrates the extent of the Colorado Plateau and the general locations of uranium
mines within the Colorado Plateau, although not all mines are shown; for example, numerous
watersheds have over 100 mines by themselves. The source of the mine information used for this
map is the Minerals Availability System/Mineral Industry Location System database
(MAS/MILS) developed by the U.S. Bureau of Mines (McFaul et al. 2000), which has been
included as a portion of the EPA Uranium Location Database (U.S. EPA 2006b). These mines
have documented production, and represent over 4000 records contained within the larger EPA
database, which contains over 14,000 records. Other mine location information in the EPA
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database has been collected from several cooperating state, Tribal, and federal agencies. Mine
locations in the EPA database, including MAS/MILS sites, were compared to U.S. Geological
Survey topographic maps and one another in order to obtain an indication of accuracy and
reliability. While the MAS/MILS data has known flaws, and sites shown in Figure 1.1 do not
constitute all known uranium mines and fields, it provides a general overview of uranium mine
geographic distributions in the western U.S. The larger data sets that comprise the EPA Uranium
Location Database are discussed in the database documentation (U.S. EPA 2006b).

Major geologic formations noted for high uranium are the sedimentary Chinle (Triassic) and
Morrison (Jurassic) Formations. The Chinle and Morrison are characterized by permeable
streambed deposits of highly variable sized and sorted pebbles and sands, with associated
concentrated pockets of organic matter from trees, branches, grasses, etc. Later blankets of
volcanic ash provided a source of uranium to leach into the permeable rocks of the Chinle and
Morrison. The uranium-laden leachate followed the highly permeable stream channel and
mudstone formations, and upon reaching the reducing environment caused by high organic
matter, precipitated uranium into void spaces, typically as uraninite. The association with
organics resulted in some locales where very smallCbut very high-concentrationCuranium
deposits have been found, including as petrified logs. Thus, one-man mining operations could
target small, rich deposits profitably.

Uranium’s Contribution to Natural Background Radiation

Uranium is found in all rock types in varying, but usually small concentrations. Naturally
occurring elemental radium and its radioactive decay products can emit radon to the Earth=s
atmosphere. This section provides a basic discussion on natural background radiation.

Backeground Gamma Radiation

Numerous studies have examined the occurrence of uranium and its radioactive decay products in
U.S. soils. Table 1.3 presents average concentrations of some radionuclides found in igneous and
sedimentary rocks that are the principal radionuclides referred to as NORM. There can be more
than an order of magnitude difference in radionuclide contents among common igneous rocks.
Similarly, deposits known as black shales, found in the eastern U.S. along the Appalachian
Mountain front, are not uncommon rocks but are not similar to other U.S. shales as they typically
have elevated uranium concentrations.
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Figure 1.1. U.S. Geographic Areas Rich in Uranium
Most uranium mining in the United States took place in the expansive Colorado Plateau region
straddling the Four Corners where Utah, Colorado, New Mexico, and Arizona meet. This map
shows mine locations plotted from McFaul et al. (2000) MAS/MILS database; not all known mine
locations are included in that database, so some fields may not be represented. Readers looking
for more complete information on state mine locations should refer to U.S. EPA (2006b).
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Table 1.3 Concentrations of Certain Natural Radionuclides

in Igneous and Sedimentary Rocks

A concentrating effect can occur as a result of weathering and erosion of igneous rocks. With the
exception of uranium-238, concentrations of radionuclides are generally higher in sedimentary
rocks. The radionuclides listed are principal NORM radionuclides. The radionuclide contents

shown here should be considered average values. Individual rock deposits can have radionuclide
contents that may differ significantly from the numbers shown.

Radium Uranium Thorium Potassium
Rock type Ra-226 | Ra-226 | U-238 | U-238 | Th-232 [Th-232  [K-40 K-40
pCi/g Bq/kg pCi/g Bq/kg |[pCi/g Bq/kg pCi/g Bq/kg
[gneous 1.30 48 1.30 48 1.30 48 22.0 810
Sedimentary
Sandstone 0.71 26 0.40 15 0.65 24 8.8 330
Shale 1.08 40 0.40 15 1.10 41 22.0 810
Limestone 0.42 16 0.40 15 0.14 5 2.2 81

Note: Units are in picocuries/gram and Becquerels/kilogram.
Source: Eisenbud and Gesell 1997.

Radium (a decay product of uranium) primarily decays by alpha particle emission. Its own short-
lived radioactive decay products, such as polonium-210 or bismuth-214, yield more gamma ray
emissions over time, making radium an important contributor to overall human and
environmental exposure to radiation, or radiation dose. In general, concentrations of radium-226
in U.S. soils range from 0.4 to 1.3 pCi/g (16 to 48 Bg/kg) (Eisenbud and Gesell 1997), with lower
concentrations found in the eastern part of the country, and higher concentrations in the West.
Higher concentrations may also be found in locations with uraniferous igneous and sedimentary
rocks, as well as phosphatic rock deposits. In addition to radium-226, uranium-238, uranium-235,
and thorium-232, there are radioactive decay products that may substantially add to the
radioactivity present where these radionuclides are in equilibrium to their decay products in
uranium deposits, and mine or mine waste locations

Primary contributors of radiation from the natural environment are soil gamma ray radiation and
inhaled radon. A 1987 study (NCRP 1987b), citing a 1972 review by Oakley, estimated gamma
radiation doses to the U.S. population from terrestrial sources, based on aerial radiological
measuring surveys by the U.S. Atomic Energy Commission (Table 1.4 and Figure 1.2). Annual
doses for people living in brick homes may increase up to 10 milliRems/year (mRem/yr) due to
naturally occurring thorium, uranium, and radium found in clays often used to make bricks.
Additional data on the distribution of radium in the U.S. can be found in Myrick et al. (1981).
Two additional studies of the National Council for Radiation Protection (NRCP 1993, 1984)
examined the impacts of exposure to uranium and it’s radon daughter decay products, and
radiation protection in the mineral extraction industry, respectively.



Table 1.4 Absorbed Dose Rate in Air from Terrestrial Radiation Sources

(in milliRems/year, milliSieverts/year and microGrays/year)

Natural geologic accumulations of radionuclides in the Colorado Plateau,

the principal mining area for uranium in the United States,

result in increased exposure rates for humans living in that environment.

region 1960 Population Absorbed Dose Rate in Dose in mrem/yr

Covered by Surveys Air (mSv/yr)
(microGy/yr)

Coastal Plain 6,759,772 230 23 (0.23)

Non-coastal Plain (excluding

Denver) 46,781,330 460 46 (0.46)

Colorado Plateau (Denver) 1,073,624 900 90 (0.90)

Population-Weighted Average 440 44 (0.44)

Note: Results are based on population-weighted aerial radiological survey data.

100 microGy/yr x 0.1 = 0.10 mSv/yr = 10 mRem/yr. Rem = Roentgen equivalent in man.
Sources: NCRP 1987b; Oakley 1972.

Figure 1.2 Gamma Ray Radiation Across the United States
Terrestrial Gamma-Ray Exposure at 1m above ground.

Note: Results are based on national aerial gamma ray surveys.
Colors/shading reflect exposure in UR per hour (micro Roentgens per hour) according to the map.
Source: USGS 1993.
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Radon in Homes

The average radiation dose to an individual in the United States from all sources is about 360
mRem/yr (3.6 milliSieverts). Typical values for annual exposure to radiation within the United
States are summarized in Table 1.5. Radon occurs in the environment and is listed separately in
that table because of radons=s significant contribution to radiation exposure: 200 mRem (two mSv)
of the estimated average dose from all sources.'' Most of the radon dose comes from indoor
exposure in homes, schools, and other buildings. The radon is generated by rocks and soil
underlying the man-made structures; it seeps into the buildings through cracks and pore spaces of
the foundations. Some radon is also generated from the building materials used in construction.
Figure 1.3 presents short-term screening average U.S. indoor air concentrations of radon by

county. 12

Table 1.5 Average Annual Human Exposure to Radiation
Natural sources of human exposure to radiation, primarily in the form of radon,
usually outweigh manmade sources, though medical exposures have

become more prominent in recent years.

Sources of Radiation

Average Exposure

Typical Range of Variability

in mRem/yr (mSv/yr) in mRem/yr (mSv/yr)
Natural Sources 300 (3)
Radon 200 (2) 30B800 (0.3-8)
Internal 40 (0.4) 20B100 (0.02-1.0)
Cosmic 30 (0.3) 30B80 (0.3-0.8)
Terrestrial 30 (0.3) 10B80 (0.1-0.8)
Man-made Sources 61 (0.61)
Medical 50 (0.5)
Consumer products 10 (0.1)
Other (nuclear fuel cycle and occupational 1(0.01)
exposure)
Total 361 (3.6) 90B1,060 (0.9-10.6)

Sources: NCRP 1987b for average exposure values;
U.S. NRC 1994 for ranges of variability; Fisher 2003 for radon.

1

p
Cosmic radiation comes from outer space. Some of it penetrates through the atmosphere covering the Earth.

The amount of cosmic radiation will vary, depending on the altitude and latitude where one lives. Internal
radiation comes primarily from ingested natural radioactive substances, such as potassium-40.
12 See http://www.epa.gov/radon for more information.
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Figure 1.3 Average Indoor Air Screening-Level Concentrations
of Radon in the United States
The highest radon levels are generally reflected in counties located along
the Appalachian Mountains, Rocky Mountains, and north central states.

Average Indoor Screening Levels

Zone 1 counties: greater than 4 pCi/L (0.148 Bq/L)

Zone 2 counties: between 2 and 4 pCi/L (0.074 and 0.148 Bq/L)
Zone 3 counties: less than 2 pCi/L (less than 0.074 Bq/L)

Note: See http://www.epa.gov/iag/radon/zonemap.html to access an on-line
version of this figure, which allows county-by-county information.
Source: U.S. EPA 1993c

Uranium in Water

Just as uranium is found in virtually all rock and soil, it is essentially ubiquitous in groundwater.
Groundwater concentrations tend to reflect overall bedrock averages and can vary widely. While
surface waters, originating primarily from rain and snow melt, are typically very low in uranium
and other TENORM radionuclides, to the point where they cannot be measured, groundwater can
be relatively high in radionuclides of both primary and anthropogenic origin.

Water is perhaps the most significant means of dispersal of uranium and related TENORM in the
environment from mines and mine wastes. Surface waters contaminated by surface erosion of
mines and wastes maypercolate into groundwater, and contaminated water travels underground
through mines or drill holes into the groundwater. Uranium is very soluble in acidic and alkaline
waters and can be transported easily from a mine site. Radium may be leachable as well as carried
in particulate form by flowing water (Eisenbud and Gesell 1997). More detail on this topic can be
found in Chapter 3. Occurrence of uranium and radium in water has been detailed in case studies
on the Orphan Mine, Midnite Mine, Bluewater, and Yazzie-312 Mine (see Appendix III).

EPA has updated its standards for maximum contaminant levels for radionuclides in drinking

water (40 CFR 141.66), including a new standard for uranium (65 FR2000a 76708, December 7,
2000), as required by the 1986 amendments to the Safe Drinking Water Act. The standards are:
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combined radium 226/228 internal (five pCi/L) (0.185 Bg/L); man-made beta emitters (four
mRem annual dose equivalent to the total body or any organ) (0.04 mSv); gross alpha (excluding
uranium and radon) standard (15 pCi/L) (0.56 Bq/L); and uranium (30 pg/L). The reader should
understand that the uranium standard was based on its identified toxicity to the kidney, and not its
potential for causing cancer.

Under the Clean Water Act (See Appendix VI for more detail), mines and mills that discharge
must obtain a permit, and must monitor twice a year for specific pollutants determined by the
type of ore they mine or process. EPA regulations in 40 CFR 440, Part C, are applicable to
discharges from (a) mines either open-pit or underground (ISL operations are excluded), from
which uranium, radium and vanadium ores are produced; and (b) mills using the acid leach,
alkaline leach, or combined acid and alkaline leach process for the extraction of uranium, radium
and vanadium. Only vanadium byproduct from uranium ores is covered under this subpart. With
certain exceptions, primarily concerning unusually high storm water events, for existing and new
point source dischargers, the maximum concentration for one day of dissolved radium-226
allowed to be discharged is 10 pCi/L with an average 30 day value of three pCi/l, for total
radium-226 the amount allowed to be discharged for one day is 30 pCi/L and 10 pCi/L for an
average 30 day concentration. For uranium discharges, the maximum allowable discharge for one
day is four milligrams/L, while an average of no more than two milligrams/L is allowed to be
discharged over a 30 day period. The same numerical standards for radium apply to uranium
mills, though there is no uranium discharge standard.

Industrial Processes and Activities

TENORM may be generated during extraction, processing, treatment, and purification of
minerals, petroleum products, or other substances obtained from NORM-containing parent
materials. TENORM also includes any radioactive materials made more accessible by human
activities. Several hundred million metric tons (MTs) of TENORM are generated each year by a
wide variety of industrial processes, ranging from uranium and phosphate mining to the treatment
of drinking water. Although conventional uranium mining is the central focus of this report and
will be discussed in more detail in Chapter 2, the section below briefly discusses activities or
processes, other than uranium mining, that produce TENORM as a result of the co-occurrence of
uranium and its daughter radionuclides in the source rock, soil, or water. However, not all ores of
these commodities contain uranium or radium at concentrations above natural background levels
in associated rocks. In some instances, the radioactive wastes from mineral processing other than
uranium mines have been used as source rock for uranium extraction under NRC license.

Uranium Associations with Other Metal Mining

Quite typically, beginning in the 1940s, uranium mines would open based on the detection of
radioactivity at the site and identification of uraniferous mineralization. While some deposits
were mined solely for their uranium content, others produced a variety of other minerals, which
co-exist with the uranium minerals (Table 1.6). In some cases, exploitation of uranium minerals
was secondary to producing another mineral found in greater abundance, commanding a better
market price, or less expensive to produce; nevertheless, their combined economic value
contributed to the success of the mining venture.
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The presence of radioactive minerals was sometimes unexpected, unknown, or ignored in
producing one or more minerals at a mine. Many mine sites operated prior to the 1940s, and even
after, have not been recognized for the inherent hazards potentially posed by radioactivity in the
discarded waste rock or subeconomic ore piles. The geological emplacement or geothermal
phenomena that formed other valuable minerals may have concentrated radioactive minerals as
well, or the process of mining, beneficiation, and milling may have resulted in a concentration of
the radioactive minerals in the waste. In some instances, the mineral(s) being mined may have
radioactive elements included in their molecular structure that impart radioactivity to the ore or
even the finished product. The EPA (U.S. EPA 2006b) Uranium Location Database provides the
location of mines with uranium occurrence including those that may have been mined primarily
for other minerals.

Table 1.6 Mineral Commodities with Uranium Associations
Several mineral ores often, though not always, have TENORM-associated
wastes resulting from the co-occurrence of uranium and radium.

Aluminum (bauxite) Potassium (potash)

Coal (and coal ash) Precious metals (gold, silver)

Copper Rare earths: yttrium, lanthanum, monazite, bastanite, etc.
Fluorospar (fluorite) Tin

Gypsum Titanium (leucoxene, ilmenite, rutile)

Molybdenum Tungsten

Niobium Vanadium

Phosphate (phosphorus) Zircon

Source: U.S. EPA 2003b.

Copper Mining

Copper mines have long known to be associated with uranium occurrences internationally, as
well as in the U.S. The Bingham Canyon copper mine in Utah produced 150,000 pounds of
uranium per year from 1978-1985 and 10,000 pounds per month from February 1987 through the
end of 1989 (Chenoweth 1991). The Orphan Mine in Arizona (see Appendix III) was originally
claimed for its copper mineralization, but only began production in the 1950s as a result of its rich
uranium occurrence. Other mines in the southwest, such as the Yerington Mine in Nevada and
Anaconda Mine in Utah have also been reported to have uranium mineralization or production.
Uranium recovery from copper leaching is described in McGinley (1980). EPA’s report (U.S.
EPA 1999) on copper mining in Arizona provides extensive information on TENORM radiation
associated with copper mine wastes and groundwater impacts, both from conventional and ISL
extraction facilities in that state. Some of the mines listed also were licensed by the Atomic
Energy Commission (precursor to the NRC) to produce uranium in addition to copper.

Phosphate Production

Uranium is known to associate with phosphatic deposits primarily because hexavalent uranium
complexes well with dissolved phosphate. Phosphate rock contains phosphorite, a form of the
mineral apatite, which is known to accommodate uranium. Phosphate rock is the sixth largest
mining industry in the United States in terms of volume of material mined. It is mined for the
production of phosphoric acid, the great majority of which is used in agricultural fertilizer. About
80 percent of U.S. phosphate mining occurs in south central Florida, though some mining also has
occurred in North Carolina, Utah, Idaho, Wyoming, Tennessee, and a few other states (U.S. EPA
1989b; Jasinski 2003).



The phosphate fertilizer industry is a major generator of TENORM. Uranium concentrations in
phosphate rock range from 14 to 200 pCi/g (20 to 300 ppm, or about 0.5 Bg/g to 7 Bq/g), and
radium concentrations are 18 to 84 pCi/g (about 0.7 to 3 Bq/g) (DeVoto and Stevens 1979). In the
United States alone, some 150 million MTs of phosphate ore are produced each year, which contain
radioactive thorium and its decay progeny, in addition to uranium TENORM. Mineral processing
sometimes exposes workers to measurable doses of radioactivity.

Phosphate ore is crushed and digested in sulfuric acid to produce orthophosphoric acid and
phosphogypsum. Phosphogypsum is a complex mixture of gypsum (CaSO,4-2H,0), silica, and
anhydrite (CaSQ,). In the process, various other wastes are also formed. Between 80 and 100
percent of the radium in phosphate rock is transported to the phosphogypsum, while about 70
percent of the uranium (and thorium) remains in the phosphoric acid (however, the fractionation
of uranium and thorium is variable and still not well characterized) (Guimond 1975; Hull and
Burnett 1996; FIPR 1995).

Though uranium concentrations in phosphate ore are low compared to typical uranium ores, the
low cost of uranium recovery from secondary phosphate products sometimes makes it profitable
to extract uranium as a by-product of phosphate production. Phosphate rock and tailings
containing up to 120 ppm of uranium have been mined as a source of uranium (DeVoto and
Stevens 1979).

Before EPA required placement of phosphogypsum in environmentally isolated waste piles,
called “stacks”, to control radon emissions (40 CFR 61, Subpart R), phosphogypsum and waste
rock containing uranium and thorium were often used to refill and reclaim open mine pits. Due to
pressures to find available land for home building, several of these reclaimed mine pits were
subsequently sold as home sites. In 1975, EPA reported that more than 1,000 houses were built
over these sites in one Florida county alone. While it has not been determined if this housing may
pose a radiation hazard to the occupants, during its study EPA found some clevated levels of
radiation and radon (U.S. EPA 1975).

Elemental phosphorus is produced by the thermal process. It is a raw material used primarily in
chemical and food production, primarily from ore deposits in Idaho. This process also produces
TENORM wastes, such as slags, containing radium and uranium.

Coal Combustion

Most coal contains uranium and its progeny radionuclides at levels about the same as, or less than
other rocks of the Earth's crust (UNSCEAR 1982). Uranium TENORM emerges from coal-
burning plant furnaces predominantly in fly ash, which is fused and chemically stable. Coal fly
ash is derived from inorganic materials that were co-deposited with the organic detritus that
produced the coal beds. Uranium in coal may be a combination of detrital mineral matter and
uranium deposited later through adsorption by, or oxidation of, organic matter in the lignite or
coal. In one instance in the 1960s, certain lignitic coals from North Dakota were mined and
burned in order to further concentrate the high levels of uranium already present in the coal; the
resulting ash was then taken to a uranium mill in Colorado to process into uranium yellowcake' .

13 See http://www.eia.doe. gov/cneaf/nuclear/page/umtra/belfield titlel.html for more information.




Principal nonradioactive ash constituents are the metal oxides of silica and alumina, often
comprising 80B90 percent, with smaller percentages of other metal oxides, including iron,
calcium, sodium, tin, magnesium, and potassium. Pollution control devices in modern power
plants usually capture about 99 percent of fly ash, and devices in some older plants capture about
90 percent. However, those devices do not capture radon gas. In addition to ash, power plants
produce slag, sludge, and other waste products that may contain uranium TENORM.

The amount of ash generated is proportional to the amount of coal consumed and the coal ash
content. The ash content of coal will vary according to the depositional environment. The average
ash content of coal burned by the U.S. electric utility industry is approximately 10 percent,
meaning that uranium in coal is concentrated roughly 10 times in the ash. For coal with a 10
percent ash content, a 1,000 megawatt plant may produce over 1,500 tons of ash during a 24-hour
period. However, the actual quantity of ash produced also depends on the plant=s design and
efficiency and the coal=s energy content.

Though the concentrations are low, the total amount of TENORM in fly ash is noteworthy (Beck
et al. 1980; Beck 1989). For example, in 2004, U.S. electric power plants burned approximately
921 million MTs of coal (U.S. DOE/EIA 2005d). If that amount of coal is burned with 1.5 ppm
uranium, 1,381 MTs of uranium would be concentrated, in addition to other TENORM quantities.

Other coals are quoted as ranging from up to 25 ppm of uranium and 80 ppm of thorium. Based
on analyses of nearly 7,000 samples, of all coal provinces and coal ranks, an EPA study found
that the range of uranium in U.S. coal was 0.010B75 ppm (U.S. EPA 1995b).

Most fly ash is buried, but increasingly fly ash is being used for commercial applications. A
significant quantity of fly ash (Class C) is considered cementitious (having the properties of
cement, the principal binding agent in concrete) which makes it a very useful material. The
relatively uniform small particle size, surface reactivity, and bulk chemical
compositionCparticularly if alkali elements are abundantClend properties to coal ash, slag, and
flue gas waste material that have numerous useful commercial applications. These include:
flowable fill, structural fill, road base/subbase, coal mining applications, mineral filler in asphalt,
snow and ice road control, blasting grit and roofing granules, grouting, waste solidification and
stabilization, and wall board (ACAA 1995, 1996; U.S. DOE/EIA 1993; EPRI 1988).

Heavy Mineral Sands

Many of the minerals which make up this commodity contain significant percentages of uranium
and thorium. As a result of their inherent hardness, weight (specific gravity), and other physical
properties, certain minerals are naturally resistant to erosion and to physical and chemical
breakdown over geologic time. Accumulations of these minerals results in sedimentary sand
deposits commonly called Aheavy mineral sands,f or sometimes Ablack sands,@ because they are
dominated by black minerals. These deposits, if they occur in easily accessible locations and in
sufficient size, may be mined to concentrate and extract valuable industrial metals (U.S. EPA
1990).

Typical minerals that may be found in these deposits include garnet; titanium-rich rutile, ilmenite,
and leucoxene; thorium-rich monazite; and uranium-rich zircon. All of these minerals, and
several others typically occurring in the deposits, are radioactive due to: the presence of uranium,
thorium, and radium in their molecular matrix; radioactive coatings washed into the deposits from
elsewhere; or the chemical and physical weathering of radioactive mineral grains in the sand
deposit. The wastes from extracting these minerals, and often the finished products resulting from
mineral processing, may retain some or all of their natural radioactivity (CRCPD 1994).
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Although monazite is mined incidentally along with other minerals in heavy mineral sand
deposits, it is not currently being used commercially in the United States, and is usually returned
to the extraction site as a waste. The uranium oxide content of monazite sands in the Southeast
was measured at 0.47 percent (Mertie 1953). Monazite from the Green Cove Springs deposit in
Florida, which produced monazite prior to 1995, averaged 4.44 percent thorium oxide (Staatz et
al. 1980).

The major U.S. mining operations for titanium sands have been located in Stoney Creek,
Virginia, and Simi Valley, California, and along the Trail Ridge formation, an ancient sand dune
deposit that extends from northeastern Florida to southeastern Georgia. However, most titanium
ore (separated sands mostly, rather than finished titanium dioxide powder) is imported. Although
as a metal, titanium is well known for its corrosion resistance and for its high strength-to-weight
ratio, approximately 95 percent of titanium is consumed in the form of titanium dioxide pigment
in paints, paper, and plastics. Other end uses of titanium include ceramics, chemicals, welding rod
coatings, heavy aggregate, and steel furnace flux (USGS 1973). There has been no study on
disposal of any residual radioactive wastes from these industries in the U.S.

Zirconium is a silvery-white metal obtained from zircon sands (Brady et al. 1997), while hafnium
is a ductile metal, with a brilliant silver luster. Most zirconium minerals contain 1B5 percent
hafnium (CRC 1994). Zircon production is usually a byproduct of mining and extracting titanium
minerals from ilmenite and rutile ores. Zircon has been produced from dredging operations in
Florida, and now Virginia. Major end-use categories for zircon include abrasives, ceramics,
refractories, and foundry applications. Zircon is consumed directly for abrasives and welding and
as welding flux. Zircon sands and finely ground zircon (termed zircon “flour”) are consumed in
foundry molds, refractories, and ceramics. Residual radioactive wastes from these industries have
been reported to be disposed in industrial landfills, and there have been instances where
abandoned barrels of zircon flour, and sites contaminated with zircon wastes have been the
subject of Superfund cleanup and removal actions. Table 1.7 presents radioactivity concentrations
reported by the CRCPD for zircon and titanium process ore and wastes

Table 1.7 Radionuclide Concentrations in Process and Waste Samples
Radium concentrations can be highly variable for titanium
and zircon ores and wastes, and dependent on ore source.

Process Ores | 226 Radium Concentrations in pCi/g (Bq/Kg)

Titanium

Rutile 15 (555)
Leucoxene 12 (444)
Dry ponds (~5 cm depth) 45 (1665)
Dry ponds (surface) 20 (740)
Settling pond solids 17 (0.73)
Sludge pile 4B25 (148B925)
Zircon

Chlorinator residues No. 1 150B1,300 (5550B48100)
Chlorinator residues No. 2 230B890 (8510B32930)
Clarifier sludge 87B150 (3219B5550)

Source: CRCPD 1994.
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Chapter 2. Uranium Mining and Extraction Processes in the United States

In 1946, Congress passed the Atomic Energy Act (AEA), establishing the Atomic Energy Commission
(AEC) and designating it as the sole purchasing dgentomestically produced uranium. The AEA also
set fixed prices for uranium ore and provideddurction incentives (e.g., including access roads, haulage
allowances, and buying stations) in an effobtdster development within the domestic uranium

industry. Since then, the industry has gone through two boom-to-bust cycles (U.S. DOE/EIA 1992). The
first of these cycles, in the 1950s, was prompted by the demand generated by the U.S. government's
weapons program. The second, in the 1970s to 2889s, was fueled by expectations for increasing
demand from commercial nuclear power productionthadenergy crisis”. Since the 1970s, the NRC
succeeded the AEC in the rolelicensing uranium extraction operations, but the demand and price of
uranium has been determined by external mddtees. Rising demand, beginning in 2003 for uranium
has begun to increase production in the domestic industry. The importance of the uranium market and
price of uranium is their role in mining industry ddoins. Some of these decisions are: how to extract ore
from a mineral deposit, how mangicawhich mineral deposits should imned, and when they should be
mined. Those decisions ultimately affect the volumes of waste produced and how it is managed.

This chapter examines the location and geologyrahium deposits in the United States, the methods
used to mine uranium, and the methods used to extract it from ore. Many of the geological and mining
terms used in the text that follows are defined endhapter and are also in included in the glossary in
Appendix |.

The Early Years of Uranium Production

As a result of the AEE financial incentivesfirst announced in 1948 and 1949 and then increased in
1951Curanium prospectors searched prospectigasaof the United States throughout the 1950s for
radioactivity that might signal a viable uraniunpdsit. Prospectors locating areas with mining potential
would file claims for the discovery site and neadogas. The ownership claims were regulated according
to the Mining Law of 1872 and were enforced by th8.UDepartment of Interior. To maintain ownership

of these claims, prospectors needed to performiatyaf activities every year, including digging small
pits, adit$, and trenches. If they found ore grade material higher than 0.10 percent uranium, they would
mine the material and ship it to regional AEC buying stations for sale. AEC offered bonuses for
shipments meeting minimum criteria.

In many parts of the Colorado Plateau, the chaiiatitegeologic forms of uranium ore bodies were small
to moderate-sized isolated pods or linear sinwiasnels of ore, as opposed to large lithofolgéxs

typical of coal or iron. As a result, thousandglimhinutive mines were developed in the Plateau region
on ore bodies sometimes as small as a single uraniferous petrified log weighing a few metric tons. In
many cases, these ore bodies were clustered into districts (Table 2.1.), and ores were shipped from
producing properties to centralized mills. Theselsmaes produced small quantities of waste rock
typically discarded within several to over 100 yasksvéral to about 100 meters) of the mine opening or
pit. Mine maps typically show extensive undergrouomiding following ore zones with only small piles of

1 Adits are horizontal or nearly horizonfsssages driven from the surface for the working or dewatering of a mine.
If driven through a hill or mountain to the surface on the other side it would be a tunnel.

2 Lithologic is defined as characterafock described in terms of its structure, color, mineral composition, grain
size, and arrangement of its component parts; all thosdevisatures that in the aggregate impart individuality to
the rock. Lithology is the basis of correlation in carad other types of mines and commonly is reliable over a
distance of a few to several miles.
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waste rock at the mouth of the mine entry. Miokthis type, now abandodeare scattered over wide
areas of southeastern Utah, southwestern Colomadthwestern New Mexico, and northeastern Arizona,
as can be seen in Figure 2.1. As described furthehapter 3 of this report, the mines which were
abandoned or left unrestored prior to the early 197f0sagidual wastes that are a main focus of this
study. The migration of radionuclides and other hdaas substances from those mines and their waste
piles have resulted from biologic, hydrologic, wiathd human actions, and are discussed in more detail
in Chapter 3 and Volume Il of this report (U.S. EPA 2006a).

The primary database for uranium mine locatiomgte public has been the MAS/MILS (McFaul et al.
2000) database. However, the MAS/MILS data usembtwstruct Figure 2.1 has known flaws, and sites
shown on the map using the database do not constltééeown uranium mines and fields. For example,
the Crow Buttan situleach (ISL) field in Northwest Nebraska near the Wyoming border is not included;
however Figure 2.9, based on different data compidghe EPA Uranium Location Database (U.S. EPA
2006b), does show the location of the Northwedirbigka uranium district. The MAS/MILS database
though, does provide a general overview of uraniumengeographic distributions in the western U.S.
The larger data sets that comprise the EPA Wrar.ocation Database adéscussed in the database
documentation (U.S. EPA 2006b).

Table 2.1. Major U.S. Uranium Mining Districts
Several major uranium districts produced uranium ore in the past
and contain potential for future exploitation.

Uranium District State

Spokane Washington

Wind River Wyoming

Central Wyoming

Washakie Sand Wash Wyoming, Colorado

Powder River Wyoming, Montana

Northwest Nebraska Nebraska

Uravan Paradox Basin, Colorado & Utah

Front Range
Marshall Pass
Tallahassee Creek

Paradox Basin Colorado, Utah
Marysvale Utah

Northern Arizona Arizona

Grants Mineral Belt New Mexico, Arizona
Texas Gulf Coast Texas

Source: U.S. DOE/EIA 1997
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Figure 2.1. Mines and Other Locatios with Uranium in the Western U.S.
Thousands of uranium mine sites are scatterett wide areas of the western United States.
This map shows locations provided in the MAS/MILS database.

Source: (U.S. EPA 2006b)
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Large companies were also irethranium prospecting business. Maniying properties proved to have
much larger ore bodies than originally thought, both on the Colorado Plateau and in other states.
Extensive mining operations were developed at thése Since the early 1960s, most uranium has been
mined on a larger scale than early mining effonig @onventional mining techniques were established to
recover the ores.

Although the AEC incentives ceased in 1962, the ageoantinued to purchase ore from properties with
reserves discovered before November 24, 195§atanteed prices through the end of 1970. Initially,

the AEC paid $8.00 per pound, but this declite@6.70 per pound in the late 1960s (Chenoweth 2004).
Several ore processing mills closed from late 198&uiih the end of the 1960s. In 1961, for the first

time since 1948, uranium production declined in the United States. By the end of the buying program in
1970, several hundred small to intermediate-sizedrgnolend and open-pit mines were either mined out
or had become uneconomical and were abandoned.

The industry was revitalized shortly thereaftertly prospect of supplying fuel to the developing
commercial nuclear power industry. The productiod market prices of uranium grew rapidly through
the mid- and late 1970s and early 1980s, as comrharaikets began to emerge. However, production
and prices peaked in the early 1980s, when domestiant for uranium ore fell far short of its expected
growth, and low-cost, high-grade Canadian and Aligtraleposits began to dominate world markets. As
planning and construction of new&J.commercial nuclear power plants came to a halt (U.S. DOE/EIA
1992) and the domestic price of uranium dropped diiaadly, the U.S. industry shifted from higher-cost
to lower-cost production sites, and the nation facedvansupply of uranium despite the fact that demand
remained about even through 2003.

Throughout the high uranium production years, tréndbe industry changed, leading to new mining
methodologies and subsequent changes in the rattireir resulting waste generation and hazards.
Environmental concerns and regulatory requires)ead well as discovery of high uranium content

deposits with low extraction costs, resultedhicreased uranium mining overseas. Traditional mining
technigues can have high associated costs foyhmatal and TENORM waste management, acid mine
runoff, and mine site restoration. These issues made many uranium mines unprofitable when market
prices were low. Increasing world demand raised the price of uranium starting in 2003 (AAPG 2005) and
although most mines that were inactive at the timpleyed the less disruptive ISL technique, (described

in the following section), conventional mine sitesdaegun to reopen as a result (Teluride Watch 2005).

Conventional Uranium Mining Methods

The following discussion describes physical methods ofrgi Mining is the mechanical process by which
mineral ores are extracted from the earth. These metlredgferred to in this report as conventional
mining methods, as opposed to the solution chemical extraction processesnflIBtap leaching.

Ore is a mineral source from which a valuable commddity., metal) is recovered. The term ore implies
economic viability, given the concentration of metatha host rock, the costs of extraction, processing and
refinement, waste management, site restoration, anddheet value of the metal. Protore is conventionally
mined uranium ore that is not rich enough to meentlarket demand and price. This subeconomic ore is
often stockpiled at the mine site for future exgaitton under the appropriaezonomic or market demand
conditions. Waste materials that are, or could be classified as, technologically enhanced, include
overburden, unreclaimed protore, waste rock, drill@re cuttings, liquid wastes and pit water (for more
detailed discussion, see Chapter 3). The size, gradé, éept geology of an ore body (or deposit) are used
in combination to determine which extraction heet is most efficient and economical. Conventional
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mining generally refers to operitpnd underground mining. Open-pit mining is employed for ore deposits
that are located at or near the surface, while undengkmining is used to extract ore from deeper deposits
or where the size, shape, and orientation of the ore body may permit more cost-effective underground
mining. Since the early 1960s, most uranium has b@eead on a larger scale than earlier mining efforts,
and, until recently, by using conventional mininghi@ques. Radioactive mine wastes from conventional
open-pit and underground mines are considered TEDORM, whose regulatory responsibility resides
with EPA or the states. In recent years, ISL operatjmegulated by the NRC or its Agreement States) in
the United States are described further belows€&haperations have gengraeplaced conventional

mining because of their minimal surface disturbammbavoidance of associated costs (See Appendix VI
for discussion on statutory and regulatory authorities).

Open-Pit (Surface) Mining

Open-pit mining is the surface removal of soil and roe&rburden and extraction of ore. Open-pit mines
are broad, open excavations that narrow towagdthitom, and are generally used for shallow ore
deposits. The maximum depth of open-pit mininghim United States is usually about 550 feet (168
meters). Lower-grade ore can leeovered in open-pit mining, since costs are generally lower compared
to underground mining. There are deeper surface nfome®pper and other minerals (Berkeley pit in
Butte, Montana, reportedly at the north end is apipnately 1780 feet, or 543 meters deep). Figure 2.2
shows a commonly used excavation method foloreng overburden from surface mines, whereas Figure
2.3 shows the layout of a larger surface mine operation.

Delineation of the ore deposit by drilling and computedeling is followed by development of a plan
for removing and disposing of ovmrrden. This planning is important, since the handling of waste
material comprises one of the largest shares of overall mining costs (Grey 1993).

Figure 2.2. Surface Mine Showing Drag Line and Overburden

Source: U.S. EPA 1997

In open-pit mining, topsoil is the natural soil ovenlyithe pit outline, while overburden includes material
lying between the topsoil and the uranium ore deplvsitiore recent open-pit operations, soil is removed
and stockpiled for later site reclamation (i.estoration). Overburden is removed using scrapers,
mechanical shovels, trucks, and loaders. In stases, the overburden may be ripped or blasted free for
removal. Overburden forms the largest volume of gydstgenerally lowest in naturally radioactive
elements, and is not as enriched in uranium as pr®ootore is often stockpiled at the mine site as well,
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and is much higher in radionuclide or hgametal content than overburden or soil.

Once the ore body is exposed, radiometric probing is tasddfine the exact extent of the ore body. Ore,
protore, and low-grade mineralized rock are outljragttl plans are developed for mining and stockpiling
them. Many times parts of an ore body delineatedrbling cannot be economically mined by open-pit
methods. Where parts of the deposit lie adjacetitddottom of the planned pit, underground mines may
be developed from the pit bottom to recover thess.ddften waste material, including overburden, is
returned to mined-out areas during mining to reduce hauling costs.

Figure 2.3. Surface Mine
This figure shows a surface mine operation in Nevada.

Source: U.S. EPA RCRA Program

ARim stripping@vas a technique applied in areas of the Cdlmflateau. In this type of open-pit mining,
the ore body occurred at or near the surface alongdthe (@r rim) of a canyon. Miners would strip the
shallow overburden from the depoaitd generally drop the waste material down the adjacent canyon
wall. In practice, this mining resembles strip mining for coal in the eastern United States. Rim stripping
was generally limited to the edge of the canyeoduse the overburden grew thicker farther away from
the rim.

Underground Mining

Deeper uranium ore deposits require undergrounchignioy one of several excavation techniques,
including:

x longwall retreat (a method of underground miningvirich the ore bearing rock is removed in
one operation by means of a long working facevall; the space from which the ore has been
removed either is allowed to collapse, or is ctatghy or partially filledwith stone and debris);

x room and pillar (a conventionalethod of mining in which natural pillars are left unmined for
support between the mined rooms); and,

X panels (a method of mining whereby the wodsg of a mine are divided into sections, each
surrounded by solid strata with onlggessary roads through the rock barrier).
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The mining method of choice depends on several factors, including the size, shape, depth, and grade of
the ore body, the stability of the ground, and economics (Grey 1993). For small ore bodies near the
surface, miners may use:

x adits;

X inclines (a slanting shaft from the surface into the underground mine); or,

x small shafts to reach and remove ore.

Larger, deeper deposits may require one or moteakconcrete-lined shafts or declines large enough
for motorized vehicles to reach the ore. Stqaesunderground excavation from which ore has been
removed in a series of steps) reaching ouhftbe main shaft provide access to the ore.

Ore and waste rock generated during mining are ustathpved through shafts via elevators, or carried
to the surface in trucks along declines. Because dfitffecosts of removing such materials, some waste
rock may be used underground as backfill matémiatined-out areas. As with surface mining,
radioactive waste rock in underground mining is gdhecansidered to be TENORM. The extracted ore
is stockpiled at the surface or trucked directla tarocessing mill, which may be on site or at some
centralized location. Figure 2.4 is a diagranafunderground uranium mine with room and pillar
excavation.

Figure 2.4. Diagram of Room and Pillar Underground Mining
This figure shows a simplified diagram of@m and pillar underground mining operation. Main

vertical shafts connect with underground “room&at have been excavated using unmined rock columns
as support pillars. Rail cars move ore and waste through the mine.

Source: U.S. EPA (1997)
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Unconventional Mining Methods

Open-pit and underground mining methods, both dElwhely on physical extraction to obtain raw
uranium ore, are commonly referred to as conventional mining methods. The reliance on chemical or
other means to extract uranium are referreastanconventional mining methods, even though they may
have been used as extractiongasses for decades. The sections wialtbw describe the heap leaching
and ISL extraction processes.

Heap Leaching

As this is an extraction process, heap leachinggslaged by the NRC or its Agreement States; the waste
rock is considered byproduct material (see Awjpe VI). Ore that is removed from open-pit and
underground mining operations undergoes further processiggnove and concentrate the uranium; the
heap leaching may be located near the mine@ite is crushed in a large mill, grounded to sand
consistency, and moundl@bove grade on a prepared pad, usualhsttucted of clay, coated concrete, or
asphalt. A sprinkler system, positioned over the toptinually sprays leach solution over the mound. For
ores with low lime content (less than 12 percent), ath salution is used, while alkaline solutions are used
when the lime content is above 12 percent. [Eheh solution trickles through the ore and mobilizes
uranium, as well as other metals, into solution. 3diation is collected at the base of the mound by a
manifold and processed to extract the uranium. Eigus below provides an illustration of the process.
Heap leaching was used mostly on an experimeatasfin the 1970s and 1980s, but is generally not in use
in the U.S. today.
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Figure 2.5. lllustration of Heap Leaching Process
In this illustration, leaching solutions (either acidic alkaline) comprising the lixiviant are sprinkled on
crushed ore mounded on a liner or leaching pad. Urartaring fluids collect by gravity on the bottom of
the pile and drain into a pit (or pregnant pond); the feure then piped or transported to a mill for further
extraction and turned into yellowcake.

Source: EPA

In SituLeaching (Solution Mining)

Since this is also an extraction process, ISL is e¢gdlby the NRC or its Agreement States; the waste
materials and fluids are considered byproduct nedtésee Appendix VI). However, EPA standards and
requirements for uranium extraction facilitieselped under UMTRCA, as well as requirements of
EPA’s Underground Injection Contr@lJIC) program are applicable to ISL facilities (See Appendix VI
for more information). ISL operations are discussed teepgovide a more complete representation of the
impacts from uranium production.

ISL is used when specific conditions exist, for example:
X The ore is too deep to be mined economically by conventional means;
The uranium is present in multiple-layeredl fants that may be offset by faulting;
The ore body is below the water table;
Considerable methane and hydrogelficel are associated with the ore;
The ore grade is low, and the ore body is too thin to mine by conventional means;
A highly permeable rock formation existsvitnich uranium can be economically produced.

X X X X X
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In this method of extraction, uranium ores lagched underground by the introduction of a solvent
solution, called a lixiviant, through injection wetlslled into the ore body. The process does not require
the physical extraction of ore from the ground. Liaivis for uranium mining commonly consist of water
containing added oxygen and carlzboxide or sodium bicarbonate, which mobilize uranium. The
lixiviant is injected, passes through the ore bahd mobilizes the uranium. The uranium-bearing
solution is pumped to the surface from production wells.

The pregnant leach solution is processed to extraairdmium, usually by ion exchange or by solvent
extraction. The ion exchange process employs a resinahce fully saturated with uranium, is flushed
with a highly concentrated salt (e.g., sodium clleyisolution. This reverses the exchange process and
releases uranium into the solution.eTlranium solution is then sentanother process for concentration,
precipitation and drying, as yellowcake. The sohestiraction process relies on unmixable properties
between the pregnant leach solution and (uraniutajesdNormally, the solvents are organic compounds
that can combine with either cationic or anionituszs. For example, anionic solutions include amine
chains and ammonium compounds, and cationidisolsiare phosphoric acid-based. Figure 2.6 shows a
simplified version of the ISL process.

Figure 2.6. lllustration of ISL Process
This figure shows a simplified version of how ISL solution mining works. Lixiviant is injected
into the ground through a well on the left and far right, the fluid flows underground dissolving
uranium and carrying it in solution until it reachagroduction well in the center. The fluid
carrying dissolved uranium is returned to the agg from the production well, then is piped
off to a production facility for refinement into yellowcake.

Source: Modified after ANAW Ahitp://www.anawa.org.au/mining/isl-diagram.html

When the ISLprocess is completed, the ore body and aquifer are placed in a restoration phase, as required
by mine permits, NRC and Agreement State regulatory programs. Typically, the aquifer must be restored
to background or EPA drinking water maximum contamnirlimit levels where possible or practical, or

to Alternate Concentration Limits (ACLS) in termisthe presence of metals, organics, pH level, and
radioactivity, approved by the NRC and its AgreemeateSt with EPA concurrence. Therefore, in some
cases, restoring it to the pre-operation level does not necessarily make it potable. EPA groundwater
protection standards issues under authority of UMTR@Arequired to be followed by ISL licensees of

the NRC and its Agreement States. In additiofmtse requirements, ISL operators must apply for UIC
permits from EPA. Through the UIC aquifer exemptwacess, EPA and its Delegated States determine

if an aquifer or part of an aquifer is exerfq@m protection as an underground source of drinking water
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during the mining process. Approval of this exemption is necessary before a UIC permit may be issued
for ISL mineral extraction wells. EPA requirémwever, that non-exempted groundwater sources be
protected from contamination.

Uranium Milling

While not a central focus for this report, infortioa is provided below primarily from U.S. EPA (1995a)
on the uranium milling process; for more detatiggtussions on the milling process, the reader is
referred to that report. Licensed by the NRC urideCFR Part 40, Appendix A, mills process source
materials (see Chapters 1 and Appendix VI) fanventional uranium mines and occasionally from
other industrial activities or mines. Uranium mills hayeically been associated with specific mines or
functioned as custom mills, serving a number of miNesst available information on milling operations
was written when a dozen or more were operational, therefore the following discussions may not
precisely describe milling activities being conducted at present, or in the fliterehemical nature of
the ore determines the type of leach circuit requiret & turn, the extent of grinding of ore received
from a mine.

The initial step in conventional milling involves crusdj grinding, and wet and/or dry classification of
the crude ore to produce uniformly sized particle® f@eds from crushers to the grinding circuit where
various mechanical mills grind the rock to further r@glthe size of the ore. Water or lixiviant is added to
the system in the grinding circuit to facilitate the moeat of solids, for dust control, and (if lixiviant is
added) to initiate leaching (U.S. DOI 1980). Screening devices are used to size the finely ground ore,
returning coarse materials for additional grinding. Shery generated in the grinding circuit contains 50
to 65 percent solids. Fugitive dust generated duringhing and grinding is usliiiacontrolled by water
sprays or, if collected by air pollution control deviaesirculated into the beneficiation circuit. Water is
typically recirculated through the millingrcuit to reduce consumption (U.S. EPA 1983d).

After grinding, the slurry is pumped to a series of tanks for leaching. Two types of leaching have been
employed by uranium mills, acid and alkaline. A soiv(lixiviant) is brought into contact with the

crushed ore slurry. The desired constituent (uranyl) isrthen dissolved by the lixiviant. The pregnant
lixiviant is separated from the residual solids (tatigpically the solids are washed with fresh lixiviant

until the desired level of recovery is attained. Thenyt ions are recovered (stripped) from the pregnant
lixiviant. The final steps consist of precipitatito produce yellowcake, followed by drying and

packaging (Pehlke 1973). The stripped lixiviant maydmenished and recycled for use within the
leaching circuit or as the liquid component in the crushing/grinding operation. Ultimately, the solids may
be washed with water prior to being pumped tdlangs pond; this wash serves to recover any remaining
lixiviant and reduce the quantity of chemicalsngeplaced in the tailings impoundment. Wash water may
be recycled to the lixiviant or to the crushing and grinding circuits.

Operational mills currently functicindependently of specific conveatial mines and generate materials
that are, in most cases, unique from those geneaateéd site of extraction. Under UMTRCA, source-
handling licenses place specific requirements on t@odal of radioactive wastes; the design and
construction of tailings impoundmerdddress NRC requirements for permanent storage of these wastes.
Radionuclide-containing wastes generated bydBérations are typically shipped to tailings
impoundments at mill sites. Figure 2.7 shows the general physical layout of a typical uranium mill.

Information on statutory requirements for closanel reclamation of abandoned and inactive uranium
mills can be found in Appendix VI, characteristafamill tailings in Chapter 3, and reclamation
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procedures for closed mills and mill tailings impoundtaeran be found in Chapter 4. Mills in operation
and inactive are discussed below.

Figure 2.7. Generalized Uranium Mill Physical Layout

This figure shows how a uranium mill is physically set up to crush raw ore
into particles amenable to chemical treatments for extracting uranium.

Source: U.S. DOE/ElAittp://www.eia.doe.gov/cneaf/nucléaage/uran_enrich_fuel/uraniummill.html

The Uranium Industry Today

Due to worldwide oversupply of uranium, and deaftmew U.S. nuclear plants, the U.S. uranium

mining industry was depressed from the early 1980s until about 2003, when only a few mines remained in
operation. In 1981, the United States producedyé&dr800 metric tons of oxide of uraniums@})

equivalent at an average price of over $34 per poug®s €huivalent production in 1991 was

approximately 3,600 metric tons sold at an agerprice of $13.66 per pound. While it had decreased to

less than $8 per pound in 2000, by 2004, due to increasing demand, the price of uranium increased
substantially. In early 20086, it had increased to @xprately $40 per pound. These fluctuations in price
affect the numbers of operating mines and milhecountry, and the methods of extraction used.

The employment structure in the uranium industag significantly changed since the mid-1970s, when
nearly 60 percent of the uranium industry labacéowas devoted to uranium mining and production.
This fraction steadily declined until recently, whenyoabout 25 percent of the employment was related
to mining (including ISL) and almost one-half of thieds associated with reclamation of past production
facilities. The industry experienced the highest level of employment in 1979 with 21,500 workers. In
1981 employment was about 13,600, and in 2000 the work force was down to 627 workers (U.S.
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DOE/EIA 2001). Due to increased demand for uraniumch resulted in higher prices, steady increases
were seen in employment and production of uranium commencing in 2004.

The U.S. Department of Energ\EIA reports that in 1992, Fferson-years were expended in

exploration, 219 in mining activities, 129 in millj operations, and 283 in processing facilities (U.S.

DOE/EIA 1992, 1993). By 2000, one person-year waerded in exploration, 157 in mining, 106 in

milling, and 137 in processing (U.S. DOE/EIA 2001); temainder (226 person years) were involved in

site reclamation. It is reported in the “Domedfi@nium Report” (U.S. DOE/EIA 2005b) released by the
Department of Energy in August, 2005, that empiewt in the U.S. uranium production industry totaled

420 person-years, an increase of 31 percent from the 2003 total. Reclamation employment increased three
percent. Wyoming accounted for 33 percent efttital 2004 employment, while Colorado and Texas
employment almost tripled since 2003. Over®86.9 million went to drilling, production, land

exploration and restoration activities in 2004.

A total of 17 uranium mines were operational #92: five conventionahines (both underground and
open-pit), four ISL and eight reported as "other" (milsteecovery operations, mé water extraction, or
from low-grade stockpiles). Uranium in 1992 was gdsaduced to a limited extent as a side product of
phosphoric acid production at four sites (U.S. DAOE/E993). By 2002, production had been reduced to
three ISL operations and one undergrommde (U.S. DOE/EIA 2003a). The Iites were located in
Wyoming and Nebraska. A number of mines wersatband inactive with the possibility of reopening
should the price of uranium increase in the future. In 2002, only 2.4 million pounds (~1090 MsDgof U
were produced domestically b\L operations, processing of waste mine-water, or reclamation and
restoration activities at closéfL sites.

The uranium production industry had a turnaroun20i®4. An increase in all aspects of the industry was
noticed for the first time since 1998. This included drilling, mining, production and employment. In 2004
(latest statistics available) 2.5 million pounds (~1135 MT) #ddWere mined in the U.S. which was 11
percent higher than the previous year (U.S. [EDM& 2005a). A new underground mine and a new ISL
mine started in 2004. Total U.S. production of yetlake (uranium concentrate) was 2.3 million pounds
(~1045 MT) which was 14 percent higher than thedpction in 2003. Table 2.2 below provides U.S.
uranium concentrate production by quarters.
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Production is reported in pounds;0g, metric tons are included in parentheses

Table 2.2. U.S. Uranium Mine Production: 200B2005
This table shows Total Production of Urani@oncentrate in the United States, 2000 -2005

2000 2001 2002 2003 2004 2005’
1,018,683 | 709,177 620,952 E 400,000 £ 600,000 708,980
1st Quarter (462 MT) | (322 MT) (282 MT) (181 MT) (272 MT) (322 MT)
983,330 | 748,298 643,432 E 600,000 E 400,000 630,057
2nd Quarter (446 MT) | (339 MT) (292 MT) (272 MT) (181 MT) (286 MT)
981,948 628,720 579,723 E 400,000 588,738 585,925
3rd Quarter (445 MT) (285 MT) (263 MT) (181 MT) (267 MT) (266 MT)
973,585 553,060 E 500,000 E 600,000 E 600,000
4th Quarter (442 MT) (251 MT) (227 MT) (272 MT) (272 MT) NA
3,957,545 2,639,256 E 2,344,107 E 2,000,000 2,282,406
Calendar-Year Total (1795 MT) (1197 MT) (1063 MT) (907 MT) (1035 MT) NA

P = Preliminary data.

E = Estimate - The 2003 and 1st, 2nd, and 4th quarter@26@dction amounts were estimatgdrounding to the nearest
200,000 pounds to avoid disclosure of individual compang. dde 4th quarter 2002 production amount was estimated by
rounding to the nearest 100,000 pounds to avoid disclosimdigidual company data. This also affects the 2002 annual
production.

NA = Not Available.

Notes: Totals may not equal sum of components becairsiependent rounding or reportingethods mentioned previously.
Next update is approximately 45 days iaftee end of the fourth quarter 2005.
Source: Modified from U.S. DOE/EIA (2005b):rRoEIA-858, "Uraniunindustry Annual Survey."

Only 16 percent of all uranium purchased by U.S. utilities in 2000 was domestically produced (U.S.
DOE/EIA 2000a). According to surveys of owners apérators of U.S. civilian nuclear power reactors,
future deliveries of kDg for 200182010 would amount to 116.5 to 179.0 million pounds (53 to 81
thousand MT). It was also estimated that foreigppliers would provide 54 percent of the maximum
projected deliveries through 2010.

U.S. non-conventional extraction facilities are primarily ISL plants. The decision to reopen a plant
primarily depends upon the prevailing economitd market conditions. A few ISL operations are
remaining open or inactive today, opening intermitteafiythe price of uranium continues to fluctuate.
The only mills currently operating are Cotter Corpiaramill in Colorado and International Uranium’s
White Mesa mill in Utah, while the Kennecott SwederaVyoming mill is inactive, and the Plateau
Resources mill in Utah is amending its license to operations (U.S. DOE/EIA 2005a).

Recent power upratéand upgrades to U.S. nuclear plants Heag the equivalent impact of nineteen
new reactors starting operation, and other countriesihdi@ted interest in building new plants as well.
Since most of the demand for uranium originates flteencommercial sector (nuclear power plants), and
that demand is increasing, it is likely it will affect uranium market demand and supplies (Wyoming
Mining Association 2004).

% The process of increasing the maximum power levetith a commercial nuclear power plant may operate.
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U.S. uranium reserves must also be taken into ceratidn, because changes in the price of uranium may
make them important resources in the future. Figure 2.8 provides a map with locations of reserve areas,
while reserve estimates are included in TableRe3erve estimates represent the quantities of uranium

(as WB0Og) that occur in known deposits, such that portioiihe mineralized deposits can be recovered at
specific costs under current regulations using siitbe-art mining and milling methods (U.S. DOE/EIA
2004). At of the end of 2004, EIA estimated uranium reserves in the $30- and $50-per-pound categories
were 265 and 890 million pounds (122400 thousand MT), respectively. Underground mine reserves
accounted for about one- half of the total reservesah cost category. The reserve decreases are based
on 2003 mine production of uranium and reflect the coptbiffects of depletion and erosion of in-place
ore quantities remaining at year-end. Figure 2.9vbsloows the status of mines, ISL operations, and

mills in the U.S. as of late 2005.
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Figure 2.8. Major U.S. Uranium Reserve Areas
This map shows major areas of remainirgnium reserves, all in the western U.S.

Source: From DOE/ElAttp://www.eia.doe.gov/cneaf/naar/page/reserves/uresarea.hjml
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Table 2.3. Uranium Reserves of the United States as of December 31, 2003.
This table developed by the Energy Infation Administration of DOE provides
a breakdown of uranium reserves by mining method based on price

of uranium of $30 per pound and $50 per pound.

U.S. Forward-Cost Uranium Reservesy Mining Method, December 31, 2003

Forward-Cost Category

$30 per pound

$50 per pound

Ore in UsOgin UsOs
. million tons Grade? million Ore in million Grade? in million
M'”Lngd (million (percent pounds tons (million (percent pounds
Metho Metric Tons) UsOg) | (Metric Tons) | Metric Tons) U4Os) (Metric tons)
Underground | 25 (23) 0.272| 138(62,600) | 143 (130) 0.163| 464 (210,500)
Open-pit 10 (9) 0.139 29 (13,150) 163 (148) 0.079] 257 (116,600)
In Situ
Leaching 39 (35) 0.127| 98 (44,450) | 116 (105) 0.071| 165 (74,800)
OtheP <1(0.9) 0.265 <1 (<453) 3(2.7) 0.059| 4(1,814)
Total 74 (67) 0.178] 265 (120,200) | 424 (385) 0.105| 890 (404,000)

#Weighted average percens@} per ton of ore.
®Includes low grade material and miscellaneous.

Notes: Uranium reserves that could be recoveredageaoduct of phosphate and copper mining are not inclu

in this table. Reserves values in forward-cost categare cumulative: that is, the quantity at each level of
forward-cost includes all reserves at the lower cdsitals may not equal sum of components because of
independent rounding.

Sources:Estimated by Energy Information Administration, ©ffiof Coal, Nuclear, Electric and Alternate Fue
based on industry conferences; U.S. Department of En@rgyd Junction Office, files; and Energy Informatig

Administration, Form EIA-858, "Uranium IndustrynAiual Survey,” Schedule A, Uranium Raw Material
Activities (1984-2002) and Form EIA-851A, "Dastic Uranium Production Report" (2003).

Hed

N7

Source: Modified from U.S. DOE/EIA (2005kitp://www.eia.doe.gov/cneaf/raar/page/reserves/uresmine.htmi
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Figure 2.9. Status of Mines, ISL Operations, and Mills in the U.S. as of November 2005
This figure shows the locations and operating status of uranium operations in the U.S.
as of the end of 2005. An increase in the price and demand for uranium resulted
in the re-opening of some conventional uranium mines and ISL operations,
and decisions to re-start some sites which were undergoing closure.

Source: U.S. EPA.
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Chapter 3. Volume and Characeristics of Uranium Mine Wastes

Uranium has been found and mined in a widéetya of rocks, including sandstone, carbontaesd

igneous (volcanic-derived) rocks (see Chapter 1). duitety of source material, the type of mine and
extraction operation (see Chapter 2), local climaté, aed topography can lead to a wide range of
differing physical and chemical properties in wastéemals. Waste characteristics are important because
they are used to model and assess the environm@piatts and public health risks of radionuclides,
heavy metals, and other chemicals associated with site® and the implications for site cleanup. While
this chapter discusses wastes from conventional mieaigtion extraction, and milling of uranium, a
principal focus of this report is TENORM fronomventional mining, and in particular, wastes from
abandoned mines that have not been reclaimed, or which may need future reclamation.

When uranium mining first started, most of the avese recovered from deposits located at, or near the
surface of the land. Ores were often exposedeasuinface, and underground mines followed mineralized
zones directly into the subsurface. Thin overbnroeer deeper parts of the ore body adjacent to the
surface exposure would be removed to create shalpen-pits. As easily accessible ore deposits became
depleted, mining had to be performed at increasipghdeby either open-pit or underground methods. To
reach deeper deposits, the industry had to move lgtgettities of topsoil, ovburden, plus barren or
waste rock.

The amount of overburden that may be removethdwpen-pit mining is a complex function of the

depth to the ore body, the grade and thickness of thbearing zone, the price of uranium, and the costs

of moving the overburden and site restoration. The costs of processing ore at mills also influence the
overall economics of underground and surface minihgse costs have steadily declined, and have
lowered the ore grade that is economically feasible to extract (Otton 1998). Thus, while an ore grade of
0.15 percent was often ignored in the early mining years, newer, more efficient ore extraction techniques
have targeted ore grades as low as 0.03 perbeniglh that is an extreme case. The NRC has established

a level of 0.05% uranium content as a thresholddgulation as source material under its regulations 10
CFR 40.4; NRC considered technology and economics in selecting the threshold.

Waste terms that will be used in the discussion® f@hapters 3 through 5, and the Appendices, are listed
in Table 3.1 and are defined below in the texiyal as the Glossary (Appendix ). Wastes considered to
be TENORM, versus those subject to NRC oAiseement States’ byproduct regulations are also
identified?

While there is a limited discussion in this chamerenvironmental fate and transport of uranium
associated with mine wastes, the reader is refear@revious EPA reports on uranium geochemistry
(U.S. EPA 1999b and 1999c). The geochemistry afhium can be extremely complicated, however,
those documents provide an overview of imparegueous and solid phase parameters, as well as

1 A sediment or sedimentary rock formed by the organiinorganic precipitation from aqueous solution of
carbonates of calcium, magnesiumiron; e.g., limestone and dolomite.

2 Some materials that are wastes within the plain mgasfithe word are not "solid wastes" as defined under the
Resource Conservation and Recovery Act and thus aseiibjeict to regulation under that law. These include, for
example, mine water or process wastewater ttdischarged pursuant to a National Pollution Discharge
Elimination System permit. It is emphasized that any quests to whether a particular material is a waste at a
given time should be directed to the appropriate EPA Regional office.
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discusses general geochemistry, aqueous speciptaripitation and co-precipitation, and other
important geochemical aspects.

Data obtained from many older scientific studies refegdnn this report may have only been originally
provided in English measurement systems. Conversignmade in the text and tables of this report;
however, the reader should understand that the ceavetmbers may be rounded. If available in the
original studies cited in this report, information uncertainties and precision of measurements and data
will be included. However, many of thesedies were conducted during a time when reporting
uncertainties and precision of data were not stanglactice. While data quality is a vital aspect of
scientific and technical endeavor, we regret thatboundaries of uncertainty and accuracy of data
presented may not have been cited in many of the original studies available for this study.

Table 3.1. Uranium Mine and Operations Wastes
The following mine wastes are generatecbyventional uranium mines, heap leach and
ISL operations, and uranium mill operations. They are the principal wastes
discussed in Chapters 3 through 5, and the Appendices of this report.
Not all wastes listed may be radioactive at all uranium mines or operations, though if they are,
they may be subject to regulatory controtarding to the column they are listed under.

Wastes Generated by Uranium Mines and Extraction Operations
Conventional Open-Pit and Underground | Heap Leach and ISL Uranium Mills (Byproduct
Mines (TENORM Wastes—EPA, Federal | Operations (Byproduct Wastes | Material Subject to NRC or
Land Management, and Tribal and State | subject to NRC and Agreement | Its Agreement State
Agencies Jurisdiction) State Jurisdiction) Jurisdiction)
Protore*
Overburden*
Barren or Waste Rock*
Top Soils* Top Soils*
Drill Cuttings* and Drilling Wastes Drill Cuttings* and Drilling Wastes
Wastewater Wastewater Wastewater
Wastewater Treatment Sludge Wastewateaiment Sludge Wastewater Treatment Sludge
Lab Wastes Lab Wastes Lab Wastes
Pit Water*
Mine Water Produced Water

Leachate

Liguids from aquifer restoration
Evaporites Evaporites Evaporites

Mill Tailings

Refuse (if radioactive) Refuse (ifdimactive) Refuse (if radioactive)

Source: U.S. EPA (1983a,b,c; 1995), U.S. NRC (2004, 2003)
*Term was previously defined in Chapter 1.

Terms in Table 3.1 not previously defined:

x Drilling wastes—Wastes associated with a drillhole operation at a mine or extraction facility that
are not considered cuttings or cores. May incldidé muds or other drilling fluids, sludges, or
evaporation products collected in excavated pits from wastewater produced during drilling.

x Wastewater—The spent or used water from a mine tw@itains dissolved or suspended matter.

X Wastewater Treatment SludgeStadge derived by the treatment of wastewater to remove
suspended solids, metals, radionuclides orrgitbbutants from mine generated wastewater.

x Lab Wastes-Wastes of any kind generated by a labmmgtusually on-site, analyzing rock,

3-2



sediment, water or other samples obtained at the mine or extraction facility, or its vicinity.

x Mine Water—Water or brine which collects in mine workings, both surface and underground, as
a result of inflow from rain or surface water and of groundwater seepage.

X Produced Water—Water from ISL operations extract&dm the subsurface with dissolved
minerals. It may include water from the reservoirfaxahat has been injected into the formation,
and any chemicals added during the production/treatment process.

X Leachate-A solution obtained by leaching; e.g., water that has percolated through soil
containing soluble substances and that cont@nsin amounts of these substances in solution

x Evaporite—A chemical sediment that precipitates witlea salty water in which it had dissolved
evaporates

X Refuse-Solid waste. Insoluble materials ranging fromanicipal garbage to industrial wastes that
contain complex and sometimes hazardous sutetasolid wastes also include sewage sludge,
agricultural refuse, demolition wastes, mining equipment and mining residues. Solid waste also
refers to liquids and gases in containers.

x Mill Tailings— Residue of raw material or waste separated out during the processing of uranium
mineral ores. Byproduct material in accordance with the AEA.

Waste Footprint of a Mine

Though all mining methods produce waste productsyagheme, location, state, and environmental
impacts of these wastes can be vastly different. For example, open-pit and underground mining
technigues, known as conventional mining, genemlbguce large amounts of solid waste, while ISL
methods produce only small amounts of solid waste, but result in more significant amounts of liquid
waste that can spread across a very large Assaoted previously and in Appendix VI, 1®lperations

and liquid wastes generated by those activities, agidéhvironmental impacts are regulated by the NRC
or its Agreement States. In general, states, Trdoed federal land management agencies are responsible
for regulating the disposal of solid and othexste generated on theintis by mining operations.

The overall footprint of a mine area may be described as the areal extent of land physically disrupted by a
mine operation. The footprint can vary significardgpending on the amount of waste left on site, and

not necessarily to the amount of oxide of uraniuOdY produced. The typical waste footprint of

uranium mining operations has changed since the late C840s very small, to very large, and then

smaller again.

Because the nature of mining changed over the ywagte generation also changed. This change in

waste generation largely reflects changes in the sabpgning operations and the technology employed.
When early mining efforts in the 1940s and 19&@se dominated by small operations, sometimes
consisting of a single prospector/miner, thousafdaines were developed from ore bodies of the

Colorado Plateau, sometimes as small as a single rich uraniferous vein or lens weighing as little as a few
metric tons. The early small mining endeavors gaeel small quantities of waste, because miners found
and exploited only deposits near the surface, agygld limited capacity to move large quantities of
material. These small quantities of waste typically were discarded within several to 100 yards (about
several to 100 meters) of the mine opening or pit.

As many mining properties both on the Colorado Plateau and in areas in other states, such as Texas and

Wyoming, proved to have much larger ore bodiesre expansive mining opei@ns developed at these
sites. When larger companies came on the sicehe 1950s and 1960s, they brought technologies and
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manpower to exploit larger ore bodies, deapéhe ground, and of lower grade. These large
conventional operations gamag¢ed correspondingly large waste streaand the overall site size expanded
significantly.

Major open-pit mines tend to disturb large surfaeaarfrom the extent of both the pit and the mine

waste areas. Generally, tens to hundreds of acres nayvbeed by stored overburden. For example, an
aerial survey conducted of eight surface mining sitééew Mexico and two in Wyoming indicated that
disturbed areas varied from just under three to 380 acres (approximately one to 154 hectares), with an
average of 110 acres (approximately 45 hectares) per site (U.S. EPA 1983b). At some sites, as mining
progressed, the overburden was used to backfill mngdreas of the open-pit in anticipation of later
reclamation. Most of the older surface mines (pre- to mid-1970s) were not backfilled during mining
operations, while some of the more reamamting included modest backfilling operations.

The surface area affected by major underground mining activities generally involves less than about 50
acres (20 hectares). Mine maps often show eixtensderground mining following ore zones with only
small piles of waste rock at the mouth of the nsr@ntry. For example, an aerial survey conducted of

nine underground mining sites located in New Mexiod one in Wyoming indicated that disturbed

surface areas varied from just over two to 42 aars {o 17 hectares), with an average of 30 acres
(approximately 12 hectares) per site (U.S. EI®83b). However, the underground mine works (or

tunnels) may extend laterally for more than a nmleeveral directions. The Orphan Mine (see Appendix
I11) is an underground mine with a surface loading atearing less than five acres (two hectares), and a
cliffside mine opening covering similar acreage, vehgwoil rock and a collapse hole over the abandoned
tunnels are the principal observable features.

When economics and technological advances in the 1980s prompted the increased uas afhISL

extraction method, the volume of solid waste geeerdropped dramatically. While not a surface mining
method, for comparison purposes only, the total argahéwrf an ISL operation may be large, depending

on how drill holes are situated, and how extensiaperation ponds are. To be cost-effective, ISL

requires large production areas or zones, but the surface facilities may take up only a small portion of the
acreage. Table 3.2 presents the general featusevefal ISL operations (U.S. EPA 1993b). The number

of production areas ranges from one to seven anthchrde a large number of wells, ranging from 200

to over 10,000, while aquifers are oftendted both above and below production zones.
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Table 3.2. Profile of Several Texas ISL Uranium Mining Operations
The acreage of ISL operation properties varies from about 200 to over 6,000 acres (81 to 2,430
hectares). The actual acreage covered by wdtlienay be significantly less (Kennecott Uranium
Company 2004). ISL operations are not a stefanining method, though the production facilities
may produce from large land holdings, and are regulated by the NRC or its Agreement States.
All the facilities included below are in Texas.

Mine Name Acreage
Benavides 170
OHern 270
Zamzow 316
Pawnee 320
West Cole 680
West Clay 884
Lamprecht 957
Boots Brown 1,025
Pawelek 1,698
Holiday 2,000
El Mesquite 2,200
Rosita 2,208
Burns Moser 2,262
Kingsville Dome 2,315
Trevino 5,750
Talan Gara (rename 6,272
Palangana) f

Source: U.S. EPA 1993b

Mine Waste Volumes

Conventional Open-Pit and Underground Mines

In open-pit mining, as described in Chapter 2, éspaixcavated to expose the uranium deposit. After the
topsoil is removed and stockpiledarby, the overburden is removed amdked to a nearby mine waste
area. Occasionally, dikes and ditches are constractechd these waste piles to collect runoff and divert
it to sedimentation ponds.

While underground mining is much less disruptiveudface terrain than open-pit mining and produces
less waste, that waste may have higher aveajeactivity. In underground mining, access to the ore
body is gained through one or more adits or verticattshgenerally sunk to a slightly greater depth than
the ore body, or through inclines and declines, alVfwth are cut through barren or waste rock. Mining
carefully follows the ore body using stopes and tunnels to minimize the amount of waste material that
must be moved. When mining in larger depositseomining methods may be used, for example, the
room and pillar or block caving techniques. Thecklcaving technique forces a large section of ore
deposit to fall into a man made cavern. The orea&dmr by drilling and blasting, and ore and waste rock
are moved out of the mine to the surface through tunmelines, and shafts. The barren or waste rock is
removed to a spoils area that may be surrotitgea ditch to contain water runoff.
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Data from the U.S. Department of Enesg¢DOEs) Energy Information Administration (EIA) indicate

that before 1980 about one-thirdaanventional uranium mines were small with less than 100 metric tons
of uranium ore production, about one-fifth to one-quarfeéhe mines were moderate sized with between
100 and 1,000 metric tons of productj and about one-third of themes were large and had production
between 1,000 and 100,000 metric tohgroduction (U.S. EPA 1983b). @rabout five percent, or

1508220 mines, were extremely large mines producing more than 100,000 metric tons of ore. When
combined with information on the relationshipgween ore production and waste, it is possible to
estimate the amounts of waste for the different production categories.

To calculate an estimate of waste generation, wastectoatios are needed for different sizes of mines.
Throughout the 1950s, 1960s, and 1970s, open-pit minitigeoGolorado Plateau was characterized by
small to moderate-sized operations with highly vdeataste-to-ore ratios, but the data on these mines
are not good and waste estimation is difficult. The higihe waste-to-ore ratio, the more waste that is
generated per ton of ore extracted. Large open-piesnn Wyoming and New Mexico usually had lower
waste-to-ore ratios, and in Texas moderatergelapen-pit operations wefeund with generally high
waste-to-ore ratios. In the late 1970s (Bohert@edty 1978; Facer et al. 1978) and early 1980s, waste-
to-ore ratios for the largest mines appear to lp@aked at an average of about 30:1 (30 times as much
waste as ore produced). As the price of uranienrehsed in the early 1980s, only the more efficient
open-pit operations remained in production, andihste-to-ore ratios also decreased for the period 1984
to 1992.

For underground mines, waste-to-ore ratios generallya&om 20:1 to 1.1, with an average ratio of
about 9:1 (nine times as much waste as ore produced) (U.S. EPA 1983b). As with surface mining, this
ratio has also changed over the years withegased mining efficiency, and selection of more
economically produced deposits such that the ammfunaste decreased from a range of 5:1 until the
early 1970s, to about 1:1 by the late 1970s.

EIA historical records (Smith 2002) indicate that before 1980, a number of underground and surface
uranium mines generated less than 1,000 metricaooe with a ratio of waste to ore ranging from

about 10:1 to 30:1. Accordingly, a 1,00@tric ton mine might generate 10,830,000 metric tons
(3,50@B11,000 cubic meters) of waste. With respect to the area covered by waste piles=fawBIA

smallest production size categories, less than onedhad acre would be expected to be covered by

waste piles 16 feet (five meters) high. Smaller mireddchave a waste-to-ore ratio of 50:1. At 16 feet

(five meters), which is an average height foraste pile, a small operation could produce waste covering
0.2B0.5 acres (0.08 to 0.20 hectares). Waste piles for small surface and underground mines were found to
cover 0.1 to five acres (0.04 to two hectares) (U.S. EPA 1983b).

To estimate the volume of waste that may have lgeeerated, Otton (1998dnducted a study of mine
waste ratios for EPA. Table 3.3 presents the stagylts for surface and underground mining. Appendix
IV provides the basis for the estiraat Waste produced by open-pit mining is a factor of 45 greater than
for underground mining, based on their respectivarayes. For the range between the low and high
estimates, the factor is 190 for the low estimate and 80 for the high. Thus, the amount of overburden
generated from open-pit mines far exceeds that of underground mines.
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Table 3.3. Estimated Overburden Prodaed by Open-Pit and Underground Mining
The waste generated by open-pit mining is estimat&e 45 times greater than for underground mining.

Estimated Overburden Produced (MT)

Mining Method Low Estimate High Estimate Average
Surface Mining 1,000,000,000 8,000,000,000 3,000,000,000
Underground Mining 5,000,000 100,000,000 67,000,000

Source: Otton 1998.

Waste Volumes at Sample Conventional Mines

Typically, the waste material is placed in piles & be quite large, representing thousands to hundreds
of thousands of tons of material and coveringgdarea. The White King/Lucky Lass mines site (two
mines adjacent to one anot@see Appendix Ill), now a Superfund site, had very large piles of waste
material and protore. At the White King Mine dipeotore) pile covers approximately 17 acres (seven
hectares) with an average thickness of 20 feengsiters), and a second (overdbem waste) pile covers
approximately 24 acres (about ten hectares) with arage thickness of 15 feet (about five meters) (U.S.
EPA 2001a). Approximately 35,000 cubic ysu@2,000 cubic meters, assuming 2,800 Rytiaste

material density due to the high concentration of denser uranium in the nmatésal) outside the
perimeter of the White King piles were estimateti¢celevated in radium (defined as > 5 pCi/g (0.185
Bg/g) Ra), along with 7,700 yard&,040 m) of soil outside the perimeter of the Lucky Lass piles.

The Jackpile-Paguate open-pit mlegan production in New Mexico in 1953 and ceased in 1982. Table
3.4 demonstrates how the ratio of overburden to prodoedhanges over the life of a mine. The mine site
contained 32 waste dumps and 23 protore dumps segdegyecording to grade. About 10.5 million metric
tons (MMTSs) of protore were stored outside the, @ited another 4.5 MMTs were stored in dumps within
pits. The ratio of all waste to protore was atixutl. About 92 MMTs of backfill, comprised of ore-
associated waste and some overburden, re¢uened to the pits during operations.

® Density is an important factor in calculating thetric tons (weight per volume) of waste rock.
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Table 3.4. Changing Ratio of Overburden to Ore Over

Mine Life CJackpile-Paguate Mine, New Mexico

The amount of mine waste increases over tataive to the amount of produced ore
in a large surface mine. Ore and overbund&e report in metric tons (MTSs).

Year Ore Produced Overburden Mining Ratio
(MTs) (MTs) (overburden protore
rock : ore)
1953 - 1963 6,000,000 70,000,000 11.7:1
1953 - 1974 9,000,000 110,000,000 12:1
1953 - 1982 23,000,000 364,000,000 16:1

At the other end of the spectrum is the Canyonl&atsonal Park in Utah (see Appendix Ill), where the
waste dumps for underground mines (most likely eitixgtoration shafts or small mines) ranged from 35
to 800 yard$(37 to 612 m) (Table 3.5). Production data from these mines were unavailable. Figure 3.1

Sources: Kittel 1963; Graves 1974; U.S. BLM 1986.

shows the outside of one of the mine openings.

Table 3.5. Mine Workings and Associate®Waste Rock Volumes in Canyonlands, Utah
This table highlights the variety of waste dump sizes and lengths of entries for a series
of 12 closely located underground mines in Canyonlands National Park, Utah

Workings vs. Mine

Waste 1 2 3 4 5 6 7 8 9 10 11 12
Lateral 82 28 75 865 450 230 215* 188 20 70 40 235
workings @25 | (9 (23) | (264) | (137) | (70) | (66) | (57) | (6) (21) | (@12 (72)
in feet
(meters)
Waste 120 - 800 470 220 35 165 100 400
in yards (92) (612) (359) (168) | (27) | (126) | (76) (306)
(meters)

* Visual estimate of adit length. Remote workiags flooded 115 feet (35 meters) in from the portal.
Source: Burghardt et al. 2000.
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Figure 3.1. Mine Portal, Canyonlands National Park, Utah
Canyonlands, Utah, underground mine entry #mmine waste spoil pile located
on the canyon slope beneath. Note the coarse nature of materials
in the waste pil€boulders and cobbles, in addition to finer-grained materials.

Source: Photo courtesy of Utah Diasi of Abandoned Mine Lands Reclamation

ISL Operations

Surface facilities and uranium extraction at ISL operations are regulated by the NRC or its Agreement
States; liquid and solid wastes produced are considered to be byproduct materials under the AEA. In
general, ISL operations generataall amounts of surface solid waste comprised of: (1) soil and
weathered bedrock material disturbed during sunfaeparation of the site, (2) waste from drilling of
injection and production wells, and (3) solids prectpitieduring the storage and processing of fluids in
holding ponds. The site surface preparation maydekite grading for placement of temporary
structures, construction of access roads to well $étgisig of pipelines, andanstruction of well pads.
Disturbance of the site may make these surface materials more likely to be windblown, but the disturbed
material would likely have background radionuclide cotredions typical of levels present at the site
before the mine's development. Drilling wastes incldidéing muds, water, chemicals, and drill cuttings
from the underground rock formations (Figure 3.2)eSéhwastes are typically deposited in pits on site,
which are subsequently buried during reclamatiomé&slight radioactivity may occur in accumulated

solids in the pit bottoms

Leachate solutions circulating in the formation iitieb uranium and in some instances a part of their
associated uranium decay products. Alkaline leactaamdonium bicarbonate solutions at sites remove
about 15 percent of the radium in the uranoma body (Brown 1978). More current solution mining
techniques make use of dissolved oxygen and catioxide. The amount of radium and other uranium
decay products removed by these more recently used solutions is not known.
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Liquid wastes from ISL operations are generated fitomee sources: (1) well field development, (2)
processing plant operations, and (3) aquifer restoractivities. Limited data are available on the

volume of this material. Options for the disposaligfiid wastes include solar evaporation ponds or deep-
well injection.Land application is not an approved hu of radioactive liquid waste disposal.

EPA studied sites for this report using data in NRCStatke of Texas files, as well as site visits in Texas
and Wyoming. For information purposes only, radiditigcdata for ponds and injection wells collected
for this report can be found in Appendix V. Descops of ISL fields studied are included in Appendix
[l

Based on information collected, operators typicadgd numerous ponds for holding or disposing of
produced water and brines (Figure 3.3). Theygeal from 50 acre-feet (Irigaray) to 558 acre-feet
(Highlands)per pond. In many cases, this water was eventdajyosed of in deep-injection wells or was
allowed to evaporate. In the case of evaporatvoy Butte Resources estimated its operation would
have generated 1,315 cubic yards (808ic meters), or eight acre-feet, of solid waste by mid-2000. NRC
permitted that and other operations, such as Cogdbfistensen Ranch and Irigaray mines, to dispose
of these wastes off site in byproduct tailingpoundments at other uranium-producing facilities.
Available data are insufficient to estimate theatamount of solid and liquid wastes generated by
existing and previous ISL operations.

Figure 3.2. ISLOperation Drilling Site
In this photo taken at a Wyoming ISL field, ackk-mounted rig is drilling a well. Top soils
moved to level the site for drilling can be seen in fiagrthe tank truck on the right of the picture.
The soils must be used to restore theaditer production is completed in accordance
with Wyoming Department of Enenmental Quality requirements.

(Photograph by Mark Schuknecht, U.S. EPA)
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Figure 3.3. ISL Evaporation Pond
This Wyoming ISL operation has a modern liner to prevent contaminated
waters from leaching into the ground.

(Photograph by Mark Schuknecht, U.S. EPA)

Physical Characteristics of Uranium Mine Wastes

The characteristics of overburden and barremaste rock from conventional mines depend on the
geology of the zone where the ore was originaliged, and how the waste was subsequently treated.
Knowing the rock types present is important for ¢aring risk model inputs, evaluating environmental
impacts, and determining the most effective medisite reclamation. Common rock types found in
mines from New Mexico, Texas and Wyoming includeide variety of sedimentary, metamorphic, and
igneous rock types (Table 3.6).
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Table 3.6. Examples of Waste Rock Types Found
at Uranium Mines in Selected States
The characteristics of overburden andtes or waste rock from conventional
mines depend on the geology of the zone where the ore was originally mined,
and how the waste was subsequently treated.

State Sedimentary Rock Types Metamorphic and Igneous
Rock Types
New Mexico Sandstone, siltstgrehale, claystone, limestone,
unconsolidated silt, clay, gravel
Wyoming Sandstone, siltstone, shale, claystone, limestope,
coal, unconsolidated silt, clay, gravel
Texas Sandstone, siltstone, shale, claystone, limestone,
coal, unconsolidated silt, clay, gravel, volcanic
tuffaceous silts, volcanic ash
Oregon Rhyolite, tuff breccia, basalt
(Lucky Lass/White King case study)
Wa_lsh_lngto_n Mica phyllite, mica schist,
(Midnite Mine case study) hornfels, marble, quartzite,
calcareous silicates, quartz
monzonite, granitic intrusives

Sources: U.S. EPA 1983a,b,c; 2001a.

Overburden from surface mines can include hugedeoslthat may have been broken down with
explosives and heavy machinery into particles down to a microm@tefie-millionth of a meter) in
diameter (U.S. EPA 1983b). Table 3.7 presents the size distributions provided in a study of rock
overburden from an unidéfied Pennsylvania mine.

Table 3.7. Overburden Patrticle Size Distributions, Pennsylvania Mine
Overburden from surface mines can range in size from a micrometer
to a meter or more in diameter.

Particle Size ()m) Weight (%)
> 2,000 75
50B2,000 13
2B50 8
<2 4

Source: Rogowski 1978.

Overburden test pits at the Midnite Mine were extast to depths ranging from 10 to 14 feet (three to
four meters) (URS 2002). In general, the test pitoantered coarse-grained materials consisting of sand,
gravel, cobbles, and boulders, while one test pit enecemhiclay from a depth of eight feet (two meters)

to the bottom of the pit (14 feet or four meters). The wide range of grain sizes of the materials
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encountered in the test pits and the presence ofwpd space indicate the highly heterogeneous nature
of the waste rock.

Size gradation tests of individual test pit samples indicated grei& ftercent), sand (B43 percent)
and silt and clay (or fines) (B29 percent), showing great heterngity across the mine site. The
moisture content of the waste rock material gdhyeranges from two to nine percent, with two samples
as high as 23 percent. The specific gravity ranges from 2.75 to 2.84.

The White King/Lucky Lass Superfund site in Qoa (see Appendix Ill) has a large protore stockpile
and a large overburden pile (Table 3.8). For allesisampled, particle sizes for protore materials are the
same as found with overburden and ore piles (EPA 1983b). Because unreclaimed rock piles are not
stabilized, they can serve as sources of pollution, primarily through wind and water erosion. Fine
particulates in general are susceptible both tmlesuspension and to transport in water as both
suspended and dissolved solids in precipitation runoff.

Table 3.8. White King/Lucky Lass MineProtore and Overburden Characteristics
Waste pile sizes are shown in acres (hectares) and cubic yards (cubic meters).

Stockpile Type Protore Overburden

Area 17 acres (7 hectares) 24 acres (10 hectares)

Volume 542,000 yardg408,000 ) 408,000 yards(307,000 i)

Thickness range BR7 ft (288 m) 7B33 ft (810 m)

Type of material Gravel, silt, clay layers, gravel at |Gravel at surface, sand and clay below,
surface though more clay-like

Source: U.S. EPA 2001a.

Radionuclide leaching primarily from mine waste piles adjacent to open-pit@boealso possibly
derived by leaching from mine pit walls or gyoundwater infiltration from underlying uranium
deposit€can result in significant concentrations afiimuclides in water-filled pit lakes. Appendix V
includes data on radionuclide concentrations fourtlimerous pit lakes and streams associated with
open-pit mines.

The Yazzie-312 Mine (see Appendix IIl) is an example of a small surface mine that had a number of both
protore and overburden waste piles located adjacenetmine pit, which had filled with water. Runoff

from precipitation over a 40-year period carried fine-grdimaterials back into épit. The original pit

was 40 feet (12 meters) deep, but infilling by runoff ledtthe pit only five feet (1.5 meters) deep as of

2001 when the mine underwent reclamation. Suspksediment of clays and silts pervaded the pit

water, leaving it a milky white color. Analyses (Raesa 2002) of 10 samples of pit lake water showed the
following average contaminant concentrationstal @ranium 173 pCi/L, Total Radium 2 pCi/L, and

Total Thorium < 1 pCi/L. More information on overbundand protore wastes at this site can be found in

the section in this chapter on Heavy Metals in Mine Wastes.

Figure 3.4a below shows a picture of one ofgéeeral overburden piles, while Figure 3.4b shows a
picture of the pit lake.

3-13



Figure 3.4a. Overburden Pile at Yazzie-31®pen-pit Mine, Navajo Reservation, Arizona
Fine-grained overburden materials are found adjdderthe Yazzie-312 Mine in Cameron, Arizona.

(Photograph by Loren Setlow, U.S. EPA)

Figure 3.4b. Pit Lake at Yazzie-312 Open-pit Mine, Navajo Reservation, Arizona
Football field size water filled open-pit mine. The original pit was 40 feet (12 meters) deep, but infilling
by runoff had left the pit only five feet (1.5 meteep as of 2001 when the mine underwent reclamation.

(Photograph by Loren Setlow, U.S. EPA)

Wastes from underground mines are much smallerdtaarburden piles generated by surface mines, and
tend to be located near the mine entrances. Whdarilenear the mine is relatively flat, the waste piles
are dome shaped. In contrast, if the mine is locali@ay a canyon rim or other steep elevation, the wastes
form thin sheets extending beyond the mine entraifoe wastes consist of protore and barren or waste
rock, and the protore may generally be found on tdp@imine waste rock. The Canyonlands waste piles
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described previously in Table 3.5 and Figure 8 the description of the Orphan Mine (in Appendix
I11) provide examples of mine wastes from underground mines.

Potential for Water Contamination

Uranium mines are located throughout the Westfa8a and underground mines have varying potential
to contaminate aquifers and surface water deperatirte meteorological, hydrologic, and geologic site
characteristics. As mentioned previously, B published comprehensive reports on uranium
geochemistry with detailed discusss on fate and transport of uiam in the environment (U.S. EPA
1999b and 1999c). Potential impacts from new minedeanitigated by modern control technologies.
Older abandoned mines may present complex contamination problems.

Types of mines in relation to hydrologic factors for groundwater impacts include:

1.  Surface open-pit mines in the unsaturated zone, above a confined aquifer, sometimes
with a water-filled pit. A large number of mines in tl@@olorado Plateau, such as the Yazzie-
312 Mine, fall into this category. The Colorado Plateau physiographic province is
characterized by low precipitation and high evapotranspiration (Figure 3.5). Much of the
Colorado Plateau receives less than thés of precipitation a year. The asdaw
precipitation and high evapotrspiration reduce the potential for infiltration, although low-
frequency, high-intensity rain events may contribute mass movement. Surface mines in New
Mexico and Arizona are often isolated fromterasources due to lack of dependable surface
water or the large vertical distance separatirggmines from the confined aquifers below.
The U.S. Geological Survey Groundwater Atlas of the United States (Robson and Banta
1995) indicates that the Colorado Plateau has feswysurficial aquifers, so water sources are
typically derived from deeper groundwater (Figure 3.6). The more numerous surficial
aquifers away from the Colorado Plateasea greater potential for shallow groundwater
contamination outside of the area.

2. Surface open-pit mines in or just above the $arated zone or close to an aquifer, often
with a water-filled pit or pits. The White King and Lucky Lass mines and the Midnite Mine
are examples of this category.

3. Underground mines in the saturated zoneSome mines have been developed so deep that
radionuclides could move through the aquiésen in the Colorado Plateau. The Orphan
Mine which is located below the rim of theaad Canyon is a good example of this situation.

4.  Underground mines in an unsaturated zone that may be close to an aquifédines in the
Four Corners area, such as the Lathrop Canyon, are typical of this category. Mines along
canyon walls would also be part of this category.

It should be noted that uranium concentrationsndisturbed, near surface groundwater can be quite
high, as demonstrated by Sheridan et al. (1962). High evaporation rates as opposed to very low
precipitation rates in many parts of the wester@. thay reduce the potential for communication between
contaminated surface water and deeper groundwater.
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Figure 3.5. Average Annual Precipitation in the Western United States
Much of the Colorado Plateau receives less thannches (38 cm) of precipitation a year.
The areas low precipitation and high evapotranspiration reduce the potential for infiltration,
although low-frequency, high-intensityimeevents may contribute mass movement.

Source: Spatial Climate Analysis Service et al. 2000.
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Figure 3.6. Surficial Aquifers of the Colorado Plateau

Source: Robson and Banta (1995)

Much of the discussion which follows is from UERA (1995); however, extensive information on this
topic can be found in U.S. EPA (1983b).
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Surface water which can enter a mine is generalhgrolled using engineering techniques. During the life
of the mine, mine water from groundwater inflowsaepage is pumped out as necessary to keep the mine
dry and allow access to the ore body for extracfltns water may be pumped from sumps within the

mine pit or underground workings, or may behaitawn from the vicinity of mining activity through
interceptor wells. Interceptor wells are used taagee groundwater, creating a cone of depression in the
water table surrounding the mine; the result is denvejef the mine. Mine water may be treated and
discharged (subject to 40 CFR 440 Subpart C) (see Appendix VI for more information).

The quantity and chemical composition of mine wateregated at mines vary by site and are dependent
on the geochemistry of the ore body and surroundieg. &rior to being discharged, mine water from
uranium mines is usually treated with a flocculand barium chloride to reduce suspended solids
concentrations and to co-precipitate radium. Glimemical quality of mine waters may differ from the
receiving surface waters. In arid climates, like Newxide, the discharge of mine water to a receiving
stream can completely change the hydrologic camtstof the receiving body. Typically, mine water is
discharged to ephemeral streams in arid climates.ihe waters have, in some instances, transformed
ephemeral streams to perennial streams. These newly created perennial streams often lose flow to
subsurface alluvial material which recharges sha#ltiuvial aquifers. Studies have documented that
infiltration of uranium mine dewatering effluentsvieabeen accompanied by a gradual change in the
overall chemistry of the groundwater, and the groundvihater bears a greater resemblance to the mine
dewatering effluent (U.S. EPA 1995a).

For example, in the Grants Mineral Belt of NMexico, authorized discharges of mine dewatering
effluents have been documented to contain elev@trdentrations of grosspdla and beta radiation;
radionuclides radium-226 and lead-210; natural uranimolybdenum; selenium; and dissolved solids,
with sulfate in particular (Eadie and Kaufmat®i/77). On occasion, arsenic, barium and vanadium are
detected (U.S. EPA 1995a).

In cases of abandoned conventional uranium minegmadides, metals, and salts either in solution or
as solids may be eroded and carried away from a onim@ste pile and carried by wind and water over
time. Waters affected by uranium mining may be on, adjacent to, or at some distance from a mine or
mines. Pit lakes, such as the Yazzie-312 (see Appéitdimay be immediately affected by infill from
adjacent waste piles and may take on the pollutantemsrof those piles. However, measurements taken
by EPA of the Little Colorado River a mile so downstream from the Yazzie-312 Mine did not
demonstrate a correlation with metals and radionuctititsvere present in the pit lake, despite erosion
channels downslope from the mine leading toward the river.

Similarly, in other case studies (see Appendix Ill) waterborne erosion frors@ahyonlands mines

had carried radionuclides and metals only a smsiadce from the mine mouths. However, surface and
subsurface drainage from Arizoa@rphan Mine appeared to be polluting nearby springs. Radionuclides
and metals in ground and surface watermftbe Midnite Mine in Washington stdtave spread to areas
outside the mined area in surface water and sedéngrmoundwater, and road dust; most runoff from the
mined area flows to three drainages which meet south of the mine and flow into BlueRineaf.and
groundwater pollution were also concentrated in groateifrom mines in the vicinity of Blue Water,

New Mexico, resulting in a Superfund action to shut a well in.

Geographic and geologic differences play a largeindlke likelihood of pollutants naturally migrating
from a mine site. The case studies’ data, citefigpendix Ill, provide information on the metal and
radionuclide data from ground and surface waters. Unaaind thorium, and radium to a lesser extent,
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can be mobilized by either acidic or alkals@utions (see section below on Potential for Soll
Contamination of Soil). Pyrite and other sulfur-begmminerals are key determinants as to whether acid
mine drainage occurs, while carbonate minemiganic carbon and carbon dioxide may also influence
migration of radionuclides in a neutral or alkalemvironment. Geography and climate determine how
much water and wind may be present to erode the weisée and move it away from its place of origin.

Most of the mines located in the sedimentary samdstieposits of the southwestern United States are not
in pyritic formations, and the resulting runoff watersit lakes are generally neutral to alkaline in
character (pH of seven or higher). Low precipitatiates and the resultant lack of water may further
reduce the potential for generation of acid drairfeg@ waste rock, for example, in both the Colorado
Plateau and the Shirley Basin of Wyoming.

Runoff waters at Horn Creek below the Orphan Miad a pH generally between six and eight; Blue
Water measurements were generally alkaline in theahge in wells and river water in the vicinity;
Yazzie-312's pit water was measured by Longsworth (1994) at pH 8.7. However, those measurements
contrast with the numbers found at mine locations in the Pacific Nort@eests with higher-than-

average rainfall amounts and metamorphic and ignesmks, including sulfur-bearing minerals that

could transform runoff into acidic waters (pH < 7).id\mine drainage had occurred at Midnite where,

for example, in measurements from 1990 to 1992 the pihtdr in wells and the pits ranged from 4.0 to
7.2 (Williams and Riley 1993). Acid meé drainage had also occurred at the White King pond, where pH
has historically ranged from 3.0 to 4.5 due talam@neration during oxidain of sulfide minerals

exposed in the pond bottom, walls, and ugdsund mine workings (U.S. EPA 2001a).

At the end of a mine's active life, pumping typicaflystopped and the pit or underground workings are
allowed to fill with water. The mine water may bentaminated with radioactive constituents, metals, and
suspended and dissolved solids, and reclamatignoomdwater protection methods may vary by the
responsible land management agency.

It should be noted that groundwater impacted or potentially impacted by mining activities is not
necessarily suited for domestic use prior to mining.@xample, aquifers containing uranium ores in both
Wyoming and New Mexico have been documenteldaaing elevated levels of uranium and other
radionuclides prior to the initiation of miniragtivities (WDEQ 1991; Eadie and Kaufmann 1977).

Uranium is mobile in water, and sediments as dised in the section below, in both acidic and alkaline
conditions (U.S. EPA 1999b and 1999c). Even thoughithjority of U.S. conventional mines are

located in areas of low annual rainfall, the periofikigh precipitation (usually Spring and Summer
months) may be sufficient to result in eventuédration of radionuclides into groundwater or surface
water bodies, soils, and make them available for uptaiegetation. Radium isonsidered moderately
soluble in natural waters and itadds controlled mostly by the presence of sulfate and organic materials
(U.S. EPA 2004b). The section below on potential for @mmation of soil and vegetation is principally
drawn from those three reports.

Potential for Soil Contamination

In evaluating the mobility of radionuclides in theveonment, an important measure is the element-
specific soil/water partition coefficient, which is represented amnkyeneral, the adsorption of uranium
by soils and single-mineral phases is low at pldesless than three, increases rapidly with increasing
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pH from three to five, reaches a maximum in adsompih the pH range from five to eight, then decreases
with increasing pH at pH values greater than eighis trend is related to the pH-dependent surface
charge properties of the soil minerals and comptgieaus behavior of dissolved uranium (U(VI)). It is
especially true near neutral pH, or above (all@gliconditions where dissolved uranium forms strong
molecular complexes with dissolved carbonate. Addilly, soils containing larger percentages of iron
oxide minerals and mineral coatingsd/or clay minerals will exhibit higher sorption characteristics than
soils dominated by quartz and feldspar minerals. In fact, maximum limits;favé€ been calculated for
iron-oxides and clay minerals (Waite et al. 1992).

Radium is an alkaline earth element, and is foundraljwonly in the +2 oxidation state. In flowing and
soil water it can be found dissolved in a pH range ahftoree to ten. However, in the presence of sulfate
bearing waters, precipitation and dissolution of calgistrontium and barium sulfates may control the
concentration of dissolved radium in the soil environment. Only limitgatdavailable for radium in

soils and sediments. However, it is known to betstrongly absorbed by ion exchange on clay
minerals, organic materials, and mineral oxides eaffjg@n near neutral and alkaline pH conditions.

Differences in partial pressure of carbon dioxide heaweajor effect on uranium adsorption at neutral pH
conditions. In one study (Ibid.) the percent adinium (U(VI)) adsorbed on ferrihydrite (an iron oxide
mineral) decreases from approximately 97 to 38 percent when carbon dioxide is increased from ambient
levels (0.03 percent) to elevated (one perceat)ial pressures. Based on this uranium adsorption
behavior, the adsorption of uranium decreases rapigliid atalues greater than eight for waters in contact
with carbon dioxide or carbonate minerals. This melaatin such situations, uranium becomes very
mobile and subject to transport in soil and watgay from waste sites, potentially for considerable
distances (e.g., Kaplan et al. 1994). Extensive literatustseior the fate and transport of radium and the
reader is consequently referred to Benes (1990s&rand Koster (1990), Dickson (1990), Onishi et al.
(1981), Ames and Rai (1978), as well as detailed reind®&EA (1990) and Cthern and Rebers 1990).
Much of that is summarized in U.S. EPA (2004b).

Models of contaminant transport typically evaludie subsurface environment as being divided between
a mobile aqueous phase and immobile solid phasig. (dowever, under some subsurface conditions,
components of the solid phase exist as colfditst may be transported with flowing water in the pore
spaces of underground rock and sediment. Thisanhgnce the amount and rate of contaminant
transport. Due to field sampling and collection diffics to enhance available data, contaminant models
have mostly ignored this phenonman. However, subsurface mobile colloids originate from dispersion of
surface or subsurface soils, dissolution of naturelk binding cements, and homogeneous precipitation
of groundwater constituents (McCarthy and DegueelP93). Colloids can be dispersed and become
mobile in aquifers due to groundwater chemistry or microbiological changes.

Hazardous Characteristics of Uranium Mine Waste

The primary hazardous characteristics of uranioime waste are elevated radioactivity as radon
emanations and elevated gamma radiatieayy metals, and contaminated water.

* Colloids are any fine-grained material, sometimes luitethe particle-size range of <0.00024 mm (i.e., smaller
than clay size), that can be easilggended in fluid (Bates and Jackson 1979).
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Elevated Radioactivity

Conventional Mines

It should be expected that materials associaigdtive mining of uranium would have radioactivity

above that which would be consigéd background levels in most parts of the country, not only because
uranium is radioactive, but also because the na@oay products that accompany it are radioactive as
well. The uranium-238 decay chain consists of 13o@ative elements and the stable end point lead-206
(see Appendix Il). Over time, uranium and its decaydpcts achieve a state of equilibrium, meaning that
the quantities of each radionuclide are proportionaldo thalf-lives (not considering environmental and
geotechnical factors), and their activities are equaithier words, radioactive equilibrium for a decay
chain occurs when the each @diclide decays at the same rate it is produced. At equilibrium, all
radionuclides decay at the same rate (i.e., the sambanwhatoms disintegrate per unit time for each
member of the chain). Understanding the equilibrfarma given decay series helps scientists estimate the
amount of radiation that will be present at various stages of the decay.

While high uranium concentrations maydand often ar€measured in wastes, uranium mining
TENORM is generally characterized by its mbezardous decay products. In particular, the
concentration of radium-226 is a key metric forgmses of classifying waste materials. Radium is the
radionuclide of interest at uranium TENORM sitestf@o reasons: its decay products give off strong
gamma radiation that is easy to measure, and thieasost significance for human health risks due to
radon generation. Radium is also often used to characterize TENORM, as it can be in serious
disequilibrium with uranium in TENORM as a result of processing. Reports of TENORM radionuclide
concentrations obtained from wastes at different maites can vary greatly, depending on the geographic
location, the type of waste sampled, how deep th@leshmaterial was in the waste pile, how long the
material had been exposed on the surface, impaeisather, and many other variables. Following are
the results of some sampling efforts which provide a variety of measurements, sometimes conflicting, but
nevertheless yielding a range of valuesréationuclides found at uranium mine sites.

In one study, radionuclide concentrations in bueden and waste rock were reported from 58 samples
collected from 17 uranium mines across the U.S..(BFA 1985). Data indicate that 69 percent of the
samples were elevated in radium-226 concentrationm@ibfs concentrations greater than or equal to 5
pCi/g (0.185 Bqg/g)), and over 50 percent had conadaotrs above 20 pCi/g (0.74 Bg/g). In another
study, the White King mine had radium concentrragi of 53 pCi/g (1.96 Bg/g) in the near-surface
overburden, while the Lucky Lass mine, mined just@isdistance away in a slightly different geologic
source rock, had only 2 pCi/g (0.07 Bg/qg) in the near-surface overburden (Weston 1997).

The results of another EPA study (SC&A 198®)dlving overburden material sampling and analyses
indicate average radium-226 concentrations of 25p0.94 Bqg/g), ranging from 3 pCi/g (0.113 Bqg/g)

up to a few hundred pCi/g (> 7.4 Bq/g); the highercemrations were found in weakly mineralized rock
near the ore body. ISL operations for mines other than uranium, can leave behind significant amounts of
radionuclides in wastes, though in many cases the aquifer may have been exempted from being
considered as a drinking water source, or the aguiésy have been contaminated with radionuclides or
metals prior to ISL activities. ER£1999 report on TENORM from copper mines in Arizona, for

example, provides information on this problanthe copper mining industry (U.S. EPA 1999a).

Additional data, including several more recent studies from mine reclamation assessment studies, indicate

that material identified a&wvaste@r foverburde@aries widely in radium-226 activity, but that for most
waste piles dominated by overburden material, measurements higher than 20 pCi/g (0.74 Bqg/g) are
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unusual (see Appendix V). In fact the State of Wyoming uses 20 pCi/g (0.74 Bg/g) as a key value for
mine reclamation because materials with higheasarements are considered unsuitable for placement
below the water table, @tose to the graded surfaaecording to state reclamation practice (Otton 1998).
Protore, on the other hand, was considerably highedium-226 activity, with most material in the
range of 38600 pCi/g (1.1B22.2 Bqg/q).

Once protore or overburden has been removed fromrthend, equilibrium of the radioactive decay chain
may no longer be a safe assumption. Data on the parent element and decay product activities of uranium
mine overburden have been gathered fairly recemsiyally as part of assessment of mine wastes prior to
reclamation. Disequilibrium between uranium-238 and its decay products seems common in those waste
materials studied in some detail. One observer haslreotendency for the lower part of waste piles at

small mines in southeastern Utah to have highanium-238 activities relative to radium-226 activities,
suggesting leaching of uranium from the upper part of the piles (Burghardt 1998). In leach studies of mine
waste from open-pits in two districts in Arizona astah, Longsworth (1994) suggests that uranium is far
more soluble in mine waste than radium. In samplagaste material in piles in the Pumpkin Buttes

district (AVI 1990), the uraniuBradium activity ratio varies from 0.10 to 7.15 (equilibrium would mean

the activity ratio equals 1). It is not known whettteese disequilibrium conditions are due entirely to
weathering of the waste piles, or if disequilibrisonditions also occurred in waste rock and protore
surrounding the ore body prior to mining. Other members of the uranium-238 decay chains that are also
potentially hazardous may be present in significanhtties due to disequilibrium conditions; lead-214

and bismuth-214 are important surrogates for rad2@&within the radium-226 subchain. Further careful
study of equilibrium conditions is warranted.

ISL and Heap Leach Operations

Licensed ISL and heap leach operations, reclamasind waste disposal are carried out under the
regulatory oversight of NRC or its Agreement States. The radionuclide information on these types of
uranium extraction facilities is provided for backgrowmlly, as the wastes are considered to be byproduct
materials in accordance with the AEA.

Information on radionuclides present in IBperation wastewater ponds is very limited. These liquid
wastes have some residual uranium and radifactivities that range from background levels to
concentrations as high as 3,000 pCi/L (111 Bg/L) (Brown 1978). Such liquid wastes are treated with
barium chloride to precipitate out radium. Théidswastes are typically comprised of carbonate and
sulfate mineral solids that contain several hundred ppm uranium aB8,800 pCi/g radium-226
(11.18111 Bqg/g) (Brown 1978). Solid wastes are generaligkpged and shipped off site for disposal at
licensed facilities.

Not every ISL operation generates large quantitighade wastes, as the quantities are determined by the
ore bodys geochemical characteristics and its interactigitisthe leachate solutions. Data collected by
EPA in 2000, from reports on files at the NRC and the state agencies in Texas and Wyoming, showed
radium-226 in the wastewater can range fronkgeaund levels to 2,119 pCi/L (78.4 Bg/L), whereas

total uranium may be as high as 1,100 mg/L (see Appendix V). NRC and state licensing and permits at
uranium solution mining operations sites require cleafugl surface wastes. Aquifer restoration may or
may not be required by the regulating agendaggending upon its geologiadhydrologic conditions.
Discussion of regulation of ISL facilities can be found in Appendix VI.

Some low-grade ore, waste rock, and tailings weesl in dump or heap leaching, a process that the
mining industry considered a form of beneficiatiom @ne that involved spraying ore with acid to leach
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out metals (see Chapter 2). When leachingongér produced economically attractive quantities of
valuable metals, and the sites were no longer intheespent ore was often left in place or nearby
without further treatment (U.S. EPA 1985). Heap leaching generates wastes that are similar to mill
tailings in radioactivity. While this mining techinie was less often used before the mid-1970s, some
abandoned heap leach piles have been repdttied.the mid-1970s, mining heap leach piles became
subject to state and federal cleanup requirements.

Radon Emanation

Radon (Rn-222) is a key health concern associaitbduranium mines and sites where TENORM is

found. Radon is part of the uranium decay series, and has the property of being a gas, which means its
mobility rate is vastly different from that of radictive metals. Radon is a decay product of radium-226.
When radium is high, radon production is higheTtcurrence of radon in underground uranium mines
and the occurrence of cancers in Czechoslovakian miagksng in such mines formed the basis of one

of a number of studies which have establishenmguortant epidemiological relationship used for

modeling cancer risk from radiation exposuleBA limits emissions of radon from operating

underground uranium mines such that exposures tavebereof the public is limited to no more than 10
millirems annually, and the operator must provide a tegfctheir compliance to that requirement to EPA
yearly.

Radon measurements in some abandoned mines wieetenical ventilation has ceased are quite high,
and pose risks for prolonged human exposure bylmees of the public visiting for recreation,

exploration of old workings for geologic purposesraxiamation workers at abandoned sites. As an
example, radon readings by alpha track canistetallad at underground mine portals of the Ross Adams
uranium mine in Alaska measured from 212 pCi/L to 540 pCi/L (7.84 to 19.98 Bg/L) (U.S. BLM 1998).
For comparison purposes only (since this in nobperating mine), annuahderground uranium mine
occupational levels of alpha radiatiare limited to no more than four working level months (WLM) at
full equilibrium (one WL 8100 pCi/l). A worker’s annual exposuiethe radon levels reported from the
Ross Adams mine would be limited to between 32 and 83 hours.

Radon emanation coefficients (the fraction of radon atprasent in a material that emanate into rock or
sediment pore space) for barren (low-activity) sandstmeeburden range from three to twelve percent
and average about five percent (Barretto 1975). Etianeoefficients for sandstone and other uranium
ores are extremely variable. Coefficients vary wifh):uranium mineralogy; (2) radium mineralogy; (3)
host rock lithology; (4) grain size of uranium/radium minerals; (5) comminution, or fineness, of the ore;
(6) estimated porosity and permeability of the ore; (7) moisture content; and (8) ore grade.

An exhaustive study of emanation for 950 ore samples from all the major sandstone uranium mine
districts, deposits at Lakeview, Oregon, and digpasthe Front Range of Colorado (Austin 1978)
revealed coefficients ranging from < one perce®ligercent. The median value for all 950 samples is
about 22 percent; however, extreme differences iiamevalues occur regionally. Ores in the Lisbon
Valley district of Utah have median values of ldssn 10 percent, whereas ores in some districts in
Wyoming have median values exceeding 50 percemsd bata suggest that low-activity sandstone waste
material not only has little radon forming in it, butds to release very little of that radon. However,
overburden, waste rock and protore piles with ekgbaictivity not only have much more radon forming,

® Regulated by the Mine Health Safety Administratiothef Department of Labor--30 CFR, Part 57, Subpart D.
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but in many districts they release a great deal of that radon to pore spaces, and the radon is free to

migrate.

Radon flux rates from overburden are difficult to characterize because of tkedivekse physical
forms and matrices, and diverse emplacement and disposal methods. Field measurements indicate that
average radon flux rates vary from aboB8@ pCi/nfs (0.02.22 Bg/nis) for overburden materials to as
high as a few hundred pCife(> 7.4 Bg/rfs) for low-grade ore materials (U.S. EPA 1989b, SC&A
1989). The broad range of radon fluxests due in part to varying rasin concentrations (the parent
radionuclide) found in low-grade ores that are aetirdisposed of with overburden. The average flux
rate, based on data from 25 mines, was estimated to be 11.fp@i/#1i Bq/rfs) for overburden
materials. A radon flux rate of 92.4 pCfs1(3.42 Bg/rfs) was reported for a spoil area located at the Day
Loma mine in the Gas Hills District of Wyomiri§MI 1996); however, this material appears to have
been a heap leach pile. For comparison, backgt radon flux rates from soils are known to vary from
about 0.6 to 5.0 pCi/fa (0.02 to 0.19 Bq/fs) (SC&A 1989; U.S. NRC 1980). However, Kennecott
Uranium Company (2004) found an undisturbed area adjacent to a uranium extraction operation which
had background radon flux rates in excess of 100 pGiéw; in addition, the company believes other
undisturbed uraniferous outcrops in the Gas Hillgvgbming should also have elevated radon flux rates.

In its 1983 report to Congress, EPA cited measurergentts for various waste materials taken at six
mines (Table 3.9). The data indicated an average radon flux estimate of 9.4 + 38 C8/M+ 0.14
Bg/ns). The report assumed that an average radon flux rate of 8. 782 Bqg/rfs) existed for
overburden materials. In light of the 25 mine stuelgults from the 1989 review, a radon flux rate of 10
pCi/m?s (0.37 Bg/rfs) is assumed to be representative, while recognizing that in some instances radon
flux rates could be higher by a factor of six.

Table 3.9. Radon Flux from Selected Uranium Mine Wastes

Flux rates of radon from six selected uranium mine wastes vary by a factor of up to four.

Type of Mine Waste/Material Average Radon Flux
pCi/n?s (Bg/nts)
Underground
San Mateo Waste pile 18 (0.6[7)
Barbara J#1 Waste pile 7.9 (0.29)
Surface
Poison Canyon-1 Protore 7.0 (0.26)
Overburden pile 6.7 (0.22)
Poison Canyon-2 Protore 5.3(0.2)
Overburden pile 9.8 (0.36)
Poison Canyon-3 Protore 11 (0.4)
Protore 24 (0.89)
Morton Ranch Overburden 9.7 (0.36)

Source: U.S. EPA 1983b. (Table modifiedubsiitute the term tore for “Subore”)

Given that the current overburden stockpiles represent decades of mining activities, the radon flux
reported in various field studies may in fact reflect the aggregate properties of materials accumulated at
one location and not that of the surface material. Because most overburden piles also contain some
amounts of weakly mineralized waste rock, the resuktdikely to be influenced by the presence of
materials containing higher levels of uranium. Howelarge volumes of this weakly mineralized waste
are not expected. Since the amount of overburdezxfaaeds the volume of this waste, it is assumed that
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radon emanation rates from such material wouldsigptificantly increase the overall average emanation
rate.

Elevated Gamma Radiation Exposure Rates

Elevated gamma radiation is always found at uramitine sites. The primary contributors to gamma
exposure are the decay products of radium; the higher the radium present, the higher the ultimate gamma
exposure rate. Radium content is also roughly prapmatito uranium content in raw mine materials.
Exposure rates associated with ambient backgrountslemeged from 10 to 85 pR/hr, averaging about

20 uR/hr.

Gamma radiation exposure measurements tedten on overburden piles in support of the
characterization of 25 uranium mine sites located in five states (U.S. EPA 1989b, SC&A 1989).
Additional information also comes from abandoned mine reclamation assessment studies from 1988 to
1996 and is included in Appendix \h these various studies, exposure rates for overburden materials
range from 20 pR/hr to 300 uR/hr, with an averagleie estimated at 50 yuR/hr, including background.
Protore ranges from 80 to 1,250 uR/hr, with aarage value estimated at 350 uR/hr. These average
values may be significantly higher for waste matsralthe surface of underground mine sites because of
the greater proportion of stockpiled protore to wasigaosure levels of 200 to 1,000 uR/hr would appear
to correspond to about 0.1 to 0.3 percent uranium ore grade.

Heavy Metals in Mine Wastes

A number of heavy (i.e., hazardous) metals may oiccassociation with uranium deposits and wastes
from uranium mining. Heavy metals on site, particulamgenic, can be of concern, and can pose serious
risks if they migrate to groundwater. Available measwet data have tended to focus on individual sites
rather than survey many mines in an areathib extent, some of the examples in TableB31L

provide a snapshot of what is known about the occurrence of metals in these Tiesteader is

referred to U.S. EPA (1983b) which discusses inldép movement of metals and radionuclides through
air, water, and groundwater, including leaching ameiothemical reactions that move contaminants
from mine sites to the surrounding environment.

Table 3.10 from Wogman (1979) shows the analytical results of metals analysis from grab samples taken
at two mines, one in Wyoming and the other imM\\exico; except for selenium, vanadium and arsenic,
there did not appear to be a relationship betweaniwm mining materials and stable metals present in

the overburden. Table 3.11 provides the results opBagiand analyses of overburden and protore piles

at the Yazzie-312 Mine in Arizona (Panacea 2002); uranium and thorium concentrations as well as some
heavy metals in protore samples were much higten those taken from overburden, and iron and

arsenic exceeded EPA Region IX preliminary soil réiaion cleanup goals for industrial contaminated

sites. Table 3.12 shows the results of metalsyasalfor waste piles assoedtwith several small

underground mines in a complex at Canyonlands Ndtfeeuk in Utah (Burghardt et al. 2000); there,

even though some of the metal levels may be higftaenination had not spread far from the waste piles.
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Table 3.10. Metals Sampling Data from Uranium Mines in New Mexico and Wyoming

This table reproduces information taken from mimeew Mexico and Wyoming on heavy metals present

in conventional mine wastes. Concentrations of teeta in g (micrograms) per gram of soil.

Concentration (ug/g)
Samples As | Ba | cu| cr | F® | Hg | K®@| Mn Mo Pb | se | sr| v | zn
Wyoming
1. Top Soil Piles 3.2 700 13 46 1.3 <4 2|2 190 2.9 23 <1 89 60 37 6
2. Protore <1.8 6800 9 <36 1.2 10 2{3 140 <2.2 22 2.1 128 <4100 25 61
3. Ore 5.4 800 9 <27 1.1 <7 2.8 18 <2.9 16 2B D4 200 25 370
New Mexico
4. Background Soil 4.1 450 12 <23 0.9 <4 1.8 200 5.9 12 < 72 £60 42 <5
5. Background Soil 2.3 440 9 <20 0.8 <4 1.6 190 4.9 13 €1 50 <50 19 <5
6. Waste Pile 7.8 540 11 <28 0.8 <5 14 260 25 10 <1 99 <70 23
7. Waste Pile 14 280 21 <43 0.7 <8 05 750 <2.8 31 3.1 178 180 23 189
8. Protore + Waste 4.1 45 22 <51 0.3 <6 0.1 446 <1{8 5 41.4 179 <55 L3 57
9. Ore 6.0 64 27 <48 0.4 <6 0.p 673 <1.§ 31 1,5 323 <55 14

Note: As = Arsenic, Ba = Barium, Cu = Copper, Cr = Chromiumeon, Hg = Mercury, K = Potassium, Mn = Manganese, Mo = Malghum,
Pb = Lead, Se = Selenium, Sr = Strontilhs= Vanadium, Zn = Zinc, U = Uranium.

(a) Units are percent.

Source: Wogman (1979)
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Table 3.11. Radionuclides and Metals from Rytore and Overburden, Yazzie-312 Mine, Arizona
This table provides a summary of data analyses from siofqgraind overburden waste piles at the Yazzie-312 Mine
prior to reclamation. Twelve samples were analyzedifanium and thorium radionuclides content and other
radiological properties, as well as content of 23 met8kected data shown below are the range of average
and total uranium, and thorium, as well as seven selected hedals fioe one protore (WP-6ne overburden (WP-3) pile.
Additionally, values from all six waste piles are alsoided, For reference, the EPA, Region IX preliminary
remediation goal (PRG) for contaminategdiustrial sites is also shown.

Sample Range Total Total Arsenic | lron Lead | Mercury | Selenium| Thallium Vanadium

Uranium | Thorium | mg/Kg | mg/Kg | mg/Kg | mg/Kg mg/Kg mg/Kg mg/Kg
pCi/g pCi/g

Waste Pile 6 —Protore 61.8-- 36.8— | 1.1—9.7| 6000-- | 21.3— | 0.05— 0.13— 0.84— 12.3—20.5

range of measurements 121.9 63.4 8100 48.3 0.19 0.32 18.4

(Avg. 3 samples) (90.2) (36.8) (4.2) (7207) | (39.1) (0.13) (0.25) (6.73) 17.7)

Waste Pile 3-Overburden 2.4—3.6 | 3.0—4.85| 1.3—1.9| 1020-- | 11.8— | 0.01— 0.27— 0.24— 15.2—33.5

range of measurements 1430 13.8 0.01 0.93 0.28

(Avg. 3 samples) (2.9) (3.9) (1.5) (1356) | (12.6) (0.01) (0.50) (0.26) (21.4)

All Protore and 24— 3.0—63.4| 0.7—17 | 6000-- | 7.9— 0.00— 0.13— 0.19— 8.2—33.5

Overburden Samples 121.9 16200 48.3 0.19 0.95 18.4

Range of measurements

(Avg. 12 samples) (32.7) (15.5) (4.6) (9867) | (21.8) (0.05) (0.47) (1.91) (17.0)

Metals Preliminary 1.6 10000 800 310 5100 67 1000

Remediation Goal

Source of Data: Panacea (2002), U.S. EPA (2004)
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Table 3.12. Metals in Canyonlands National Park Mine Waste Piles
Comparison of concentrations of four torietals from Canyonlands National Park spoil
piles from 12 underground mines. Multiple sdimgplocations were picked for each mine’s

waste site. Samples were taken at multipfgtdefor each waste site and mixed together
(composited). The results provide the rangeabfies for all samples, and for a few specific
mines. The statistical analysis of two standard deviations provides a measure of the
spread of values for the samples tak&lhsamples are reported in mg/Kg.

Analyte Sample Range Mine 4 Mines 5, 6, 7 Mine 12
All Samples
mg/Kg dry weight Avg £ 2 SD Avg £ 2 SD Avg £ 2 SD
Arsenic 19.1B155.1 50.7+£5.7 124+13.3 12.1+1.9
Copper 79.37,910 429179 3,500+982 322+25.7
Manganese 214.81,410 850+34 948+119 702+59.3
Selenium 0.382.4 0.7+0.03 2.7+0.8 0.3+0.02
Vanadium 4.8835.6 8.1+0.8 9.8+1.3 29.6x2.5

Note: 2 SD = two standard deviations.
Source: Burghardt et al., 2000

Depending on local geology and climate, the presence and eventual leaching or remobilization of these
metals could lead to contamination of surromgdands and water bodies. Analyses conducted on water
samples downstream from the Canyonlands mines fogodelation (similar concdration levels above
background levels) between manganese and selerfioogh this dropped off rapidly within 150 feet (46
meters) of the mines.

However, in the Yazzie-312 Mine example from Tdhlkl, water from rain events over 40 years carried
sediment in overburden and protore piles back irggih(then a lake) from which they were originally
derived. Metal concentrations found in samplegpoilgile sediments and sediments collected from the
bottom of the pit lake were both elevated to theesgeneral degree (order of magnitude concentration).

Uranium Mill Tailings

The following material summarizes only a small portion of information provided in U.S. EPA (1995;
1989b; 1986;1983 a,b,c,d; and 1982), and NRC (1980) amddHder is referred to those reports for much
more detailed information on uranium milling and rtallings. As mill tailings are considered byproduct
materials under the AEA and not TENORM, this s@tis provided only in order to provide a more
complete background and understandinthefuranium production industry.

Operational mills function independently of specifiaes and generate materials that are, in most cases,
unique from those generated at the site of extractinder UMTRCA (Uranium Mill Tailings Radiation
Control Act; see Appendix VI for more information), source handling licenses place specific requirements
on the disposal of radioactive wastes; the dearghconstruction of tailigs impoundments address NRC

or its Agreement State requirements for permaa@mage of these wastes. Radionuclide-containing

wastes generated b$L operations are typically shippéaltailings impoundments at mill sites.

The principal waste generated by conventidreseficiation operations are tailings. 18perations, and
to a more limited extent conventidmaills, generate waste leaching solutions. Disposal of these wastes is
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dependent on the type of operatibeneficiation wastes generated By lare disposed of by different
methods, but most often shipment to NRC-licensed waste disposal facilities. Most beneficiation wastes
generated at conventional mills alisposed of in tailings impoundments.

Waste constituents of concern include radionuclidesynadiadon, thorium, and to a lesser extent lead),
arsenic, copper, selenium, vanadium, molybdenunerdteavy metals, and dissolved solids. Brines,
spent ion exchange resins, and chemicals usedgfibi&ation operations are also constituents of wastes
generated during beneficiation.

Most wastes generated by conventional millsdtigposed of in tailings impoundments. Wastes are
primarily disposed of in the form of a slurry composed of tailings, gariqw@uding dissolved base
metals), spent beneficiation solutions, and processnhaaring carbonate complexes (alkaline leaching)
and sulfuric acid (acid leaching), sodium, manganese, and iron. The characteristics of this waste vary
greatly, depending on the ore, the beneficiation proegdund the source of the water (fresh or recycled).
The liquid component is usually decanted and reatedlto the crushing/grinding or leaching circuit.

Tailings typically consist of twéractions, sands and slimes. Thadand slimes may be combined and
deposited directly in the impoundment or may be distad through a cyclone such that the sand fraction
is directed toward the dam while the slimesdirected to the interior of the pond (Merritt 1971).

The fate of radionuclides is of special interestiianium mill tailings. Radium-226 and thorium-230 are
the principal constituents of concern and are assatigith the slime fraction of the tailings. Radon-222
(gas) is also a tailings constituent. The concewinatof radionuclides in thtails will vary depending on
the leach method used (thorium is more solubkecid than alkaline leaches). Typically, tailings will
contain between 50 and 86 percent of the origirdibeectivity of the ores depending on the proportion of
radon lost during the operation (Merritt 1971). Othéinigs constituents (including metals, sulfates,
carbonates, nitrates, and organic solvents) walglol be present in the tailings impoundment depending
on the type of ore, beneficiation methods, and evasinagement techniques. Table 3.13 below provides
an overview of typical characteristics of uranium mill tailings.

ISL wastewater bleed solutions and lixiviant leachsolutions constitute the major source of wastes
directed to lined evaporation ponds at ISL fa@ti These solutions consist of barren lixiviant and

usually have elevated levels oflram; other contaminants (metals, salts) are limited to what may have
been dissolved by the lixiviant or contaminants ilugons used for beneficiation. Barium chloride is
added to the evaporation ponds which, in tles@nce of radium, forms a barium-radium-sulfate
precipitate. This precipitate forms the majoritytioé sludges in the settling/evaporation ponds at ISL
operations. Alkali chlorides and carbonates arerdikely constituents (U.S. EPA 1983b). These sludges
are collected at the completion of mining (unless required sooner) and disposed of at an NRC-licensed
disposal facility. Information regarding the radionuelldvels of the evaporation ponds can be found in
Appendix V.

ISL operations typically store spent ion exchange rasithswaste in labeled containers prior to disposal
at an NRC-licensed disposal facility. Conventiondlswould typically dispose of spent ion exchange
resins in the tailings impoundment. Reverse osniogies, acid/alkaline leaching, solvent extraction,
stripping and precipitation wastes and mateadds are disposed in tailings impoundments.

® Gangue is defined as the valueless minerals in an atepart of an ore that is not economically desirable but
cannot be avoided in mining. It is sefgadafrom the ore minerals during concentration.
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Table 3.13. Typical Characteristics of Uranium Mill Tailings
Particle sizes, chemical compositions, and oadtivity levels are presented in this tdble
Individual mill impoundment materials can and will vary dependent on ores
and mining or extraction processes used.

Tailings Particle sizeChemical Radioactivity
component (um) composition characteristics
Sands 75 to 500 Sivith <1 wt % complex silicates of Al, Fe, Mg,[0.004 to 0.01 wt % LDg°

Ca, Na, K, Se, Mn, Ni, Mo, Zn, U, and V; also

. L
metallic oxides Acid leaching: 26 to 10(

pCi #**Ra/g; 70 to 600

pCi#°Th/g
Slimes 4510 75 Small amounts of $j®ut mostly very complex  |UsOg and®*®Ra are
clay-like silicates of Na, Ca, Mn, Mg, Al, and Fe; gidmost twice the
metallic oxides concentration present in
the sands

Acid leaching’ 150 to
400 pCi***Ra/g; 70 to
600 pCi**°Th/g

Liquids d Acid leaching: pH 1.2 to 2.0; NaNH,", SQ, 2, Cl, |Acid leaching: 0.001 to
and PQ?; dissolved solids up to 1 wt % 0.01% U; 20 to 7,500 pC

22 .
Alkaline leaching: pH 10 to 10.5; GBand HCQ; 63a2/3|51’_2’000 to 22,000
dissolved solids 10 wt % pCi; hiL
Alkaline leaching: 200
pCi #**RalL; essentially
no?*°Th (insoluble)

Source: U.S. DOE (1997)

& Adapted from information in NRC (1980).
® U;05 content is higher for acid &hing than for alkaline leaching.

¢ Separate analyses of saratel slimes from the alkaknleaching process are not available. However, t6t&a and
Z0Th contents of up to 600 pCilg (of each) haerbreported for the corrted sands and slimes.

4 particle size does not apply. Up to 70 vol % of the tiquay be recycled. Recycle potehisagreater in the alkaline
process.

In addition to Table 3.13, there are many avaflabsialyses on uranium mill tailings which have been
placed in impoundments. The reader is referredad=tPA and NRC reports mentioned at the beginning
of this section for descriptions of individual sites. As a recent example, however, the Department of
Energy conducted an environmental evaluation ofdheaer Atlas Uranium Mill near Moab, Utah (U.S.
DOE 2005). In that study, they characterized the mill tailings in the impoundment and vicinity properties
as containing about 12 million tons of contaminatetenis, of which approximately 10.5 million tons
were tailings. The mean radium-226, ammonia,@adium concentrations for the tailings were 516
pCi/g, 423 milligrams per kilogram (mg/kg), and 84/kay respectively. Other constituents, including
iron, manganese, copper, lead, molybdenum, anddram, were present in lesser amounts. The pH
values of the tailings were near neutral but hatks of pH values as low as 2.5 and as high as 10. With
respect to grain size of tailings, approximately half of the material was classified as slimes.
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One matter which has affected some mill operatiomd,cansequently the waste in the impoundments, is
that the NRC has the authority to amend a uraniulidicense to allow for disposal of source material
termed “alternative feed”. This material, derivfesin a mining or other operation other than a uranium
mine or uranium ISL operation, contains source matand the mill owner is agreeable to processing it
at the mill to extract uranium. Guidance for amegdhe license to allow for processing this alternate
feed was issued by NRC (2000a).

Radium-226, thorium-230, and radon-222 (gas), aenl tlecay products are the radionuclides present in
uranium mill tailings that are of principal connédo human health and the environment. Under
UMTRCA, EPA has the responsibility to establismsli@rds for exposure of the public to radioactive
materials originating from mill tailings and for clearaupd control standards for inactive uranium tailings
sites and associated vicinity areas. EPA's regulations in 40 CFR 192 apply to remediation of such
properties and address emissions of radon, as welllimmualides, metals, and other contaminants into
surface and groundwater. Under provisions of the Clea&i operators of uranium mills must comply
with EPA’s radon emission requirements in 40 CFRR&t W, including providing an annual report to
the Agency on their adherence to the regulations.NRC or its Agreement States license uranium mills.
Under statutory requirements of the AEA and UMTRG@IRC has issued regulations in 10 CFR Part 51
to provide for environmental protection for domesittensing and related regulatory functions, while
those in 10 CFR Part 20 cover radiation protedtiom hazards of mills and their wastes, and 10 CFR
Part 40 cover uranium source licensing provisiddiSREG 1620 (U.S. NRC 2004) provides guidance for
the approval of reclamation plans of active uranium mills (reclamation of uranium mill tailings
impoundments is covered in &bter 4 of this report).

As part of those requirements, tailings piles nizste a cover designed to control radiological hazards

for a minimum of 200 years and for 1,000 years to the greatest extent reasonably achievable. It must also
limit radon (Rn-222) releases to 20 pCifsraveraged over the disposal area. Radon release limitation
requirements apply to any portion of the tailingspdisal sites unless radium concentrations do not

exceed five pCi/g in the first 15 cm below the surfacel 15 pCi/g in layers more than 15 cm below the
surface.
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Chapter 4. Uranium Mine and Extraction Facility Reclamation

This chapter is not intended to serve as guidasrd®, supplement EPA or other agency environmental
requirements. Instead, it is an outline of practighgh may or have been used for uranium site
restoration.

Mining reclamation is the act of returning a mine toray-term stable condition, or its original contour to
ensure the safe reuse of the site by both current &ame fgenerations. When possible, a reclamation plan
aims to return the affected areas to previousigtiery environmental condins. Differing views as to

what is an acceptable environmental condition folaimed mining sites explain the varying regulatory
requirements for uranium mining sites. The existedegonding requirements and/or financial guarantees
in the cases where private parties are involved in the miealso play an important role in determining
the extent of reclamation. Extraction facilities lised by the NRC or its Agreement States are required
to have bonds sufficient to allow a third partyéclaim the property should the company holding the site
fail. Additionally, regulatory requirements affesgtlected reclamation techniques, as some techniques
may be adequate to meet less stringent requiresmntaut will not be suitable for more restrictive
requirements. In some cases, theoteness and aridity of a sitedareduced risk for human exposure

may affect decisions on whether a site is in neeg@amation, or the extent to which it is reclaimed, if

at all.

When a uranium mine, mill, or other uranium exti@cfacility has exceededgealatory requirements for
radiation control, or has had an unauthorized relefiseetals or other contaminants, the cleanup or other
methods used to remove or contain the contaminaitermed remediation. Rediation of a source of
contamination may be a short term response or annmgtep in the long-term reclamation of the site

Site reuse is a significant issue for radiation sites. &tient to which a uranium mine site can be reused
for other purposes where humans may spend periatte@for work, recreation, or even residential
purposes is highly dependent on the extent of cleandpeanoval of the potential for radiation exposure.
Therefore, the end state of reclaimed uranium sitddfee techniques used to achieve the end state, will
vary on a site-by-site basis, and dependent uporeth#atory agencies involved. However, most of what
is described in this chapter is pess oriented, rather than regulatoryature, and much of it is derived
from the Nuclear Energy Agersy(NEA) and IAEA’s joint publicatiofEnvironmental Remediation of
Uranium Production Facilitie§NEA/IAEA/OECD 2002) rather than any single set of federal (including
EPA) or state requirements. Appendix VI providdstimation on federal and state agency regulatory
requirements for reclamation and remediation of these facilities.

A number of handbooks and guides provide much rdetailed information on me site reclamation,
including The Handbook of Western Reclamation Techniffeesis et al. 1996 andbook of
Technologies for Avoidance and Remediation of Acid Mine Drai(i@usen et al. 1998Abandoned
Mine Site Characterizion and Cleanup Handbodk).S. EPA 2000d)EPA’s National Hardrock Mining
Framework(U.S. EPA 1997b), anBnvironmental Handbook: Effects of Mining on the Environment and
American Environmental Controls on Miniflglarcus 1997).

While this chapter does include some discussiaradamation techniques applicable to uranium
extraction facilities as background information, recsion of uranium extraction facilities are governed
by the NRC'’s regulations. Readénserested in finding out more on this topic should consult NRC
guidance documents suchStandard Review Plan fahe Review of a Reclamation Plan for Mill
Tailings Sites Under Title Il of the Uraniulill Tailings Radiation Control Act of 197@).S. NRC



2004) Standard Review Plan for In Situ Leach Uranium Extraction License ApplicgtioBsNRC
2003),Design of Erosion Protection for Long-term StabilizatfonS. NRC 2002)and NMSS
Decommissioning Standard Review P{ahnS. NRC 2000hb)

Although most conventional uranium mine siteshi@ U.S. are in rural areas remote from population
centers, many have also been located in close proximdy within communities, such as parts of the
Navajo Reservation in New Mexico, or may be actdss$o recreational visitors on federal lands (see
Volume Il of this report, U.S. EPA 2006a), and & fegave been subject to Superfund cleanups. Thus, in
some instances, uranium mine sites can reseltwronmental impacts, which may include potential
public exposure to radon and radiation; contamimadif groundwater and surface water supplies (via
acid drainage and the mobilization of heavy metalajyural habitat disturbance; increased instability of
the land such as erosion and slope stability fgikame the remaining physical safety hazards. Left
exposed to the environment, these sites could paxards to the local community and biota, and the
radioactive wastes could be subjecptaential misuse as building materials.

This chapter attempts to cover available uranreclamation techniques and to summarize some
processes for remediating a uranium mine or etitnacacility. The discussion that follows breaks the
reclamation process into two forms of uranium mining and extraction wastes: the waste products from
open-pit or underground mines (which may inclTd&NORM for which EPA, federal land management
agencies, Tribes, and states have jurisdictiad)the waste products from ISL, heap leaching, and

milling (which are regulated by the NRC or its Agment States) as byproduct material. Several types of
wastes generated need reclamation, and the wsgarily in waste management practices over the years
has resulted in diverse conditions at various mining and extraction sites.

Uranium mining and extraction facilities being reclainmesv are mostly those that have current owners,
which are primarily ISL operations (under licengsgéhe NRC or its Agreement States); conventional
mines that were either closed or in suspensiitim a current or successor owner; or abandoned mines
with or without a current or successor owner. Imyneases, federal, state, Tribal, or local government
agencies are involved in managing or requiring the reclamation process to begin.

Characterizing a Mining Site

Site characterization is the first step requirethinremediation and reclamation of former uranium

mining facilities. Data on site properties and dtads form the basis for current environmental
assessments, risk analyses, decommissioning plans, reclamation programs, monitoring programs, and
final public use of the site. Data quality objeesvand quality assurance anelity control (QA/QC)
procedures may or may not be in place beforeléta are collected. Mine age, management, and
regulatory practices in place duritige operation of each mine, especially some older unreclaimed mines,
may vary significantly. Thus, the requirements for/Q& issues can also vary significantly, depending

on requirements of the regulatory agencies involved.

The surface and mineral ownership of a site walypdn important part in site reclamation and
remediation. The land status will partially determtine regulatory regime. Whether the site is on Tribal,
federal, state, acquired or private lands, orralination (split estate) will affect many actions.
Ownership or stewardship will also be an importactdr in financing reclamation and/or remediation.
This will also identify the regulatory regime ane thossibility of developing partnerships to resolve
conflicts and ensure all stakehalsl@are involved. Identifying current land uses will also drive decisions.



Many site factors can influence the reclamatda mining site, including topography, geology,
hydrology, hydrogeochemistry, climatologgology, operating characteristics, radiological
characteristics, and socioeconomic characteristimsexample, the topographical setting (whether the
site is located in a valley, a plain, or on a hillside) can affecta bigerology and climate. Knowledge of
a sites climatology, hydrology, anldydrogeochemistry is needém assessing its impacts on water
bodies in the area. In turn, these impacts mayemite decisions on strategies and techniques for
reclamation.

Climatological and hydrological characterizationlides annual and monthly precipitation, annual and
monthly temperature patterns, annual and monthly wind speed and storm patterns, distribution of surface
water bodies, and data on evapotparaion rates. Hydrological and hydrogeochemical characterization
includes identification of aquifers, impermeable steaid depths to water tables, groundwater contours,
hydraulic gradients and flow rates, ground armdase water quality, and changes in surface- and
groundwater characteristics over time.

Understanding a sieecology is also important to its charaiz&tion. Understanding the flora in the area
is important in revegetating thges and understanding the fauna ie irea and their seasonal habits is
important in developing a reclamation plan that will have minimal impact on the ecology.

A sitess operational and radiological characteristics are of prime importance in its reclamation. The
historical type of mining, mine layout, and extrantmethods will affect the location and types of wastes
present, and knowledge of how the mine opérata improve reclamation procedures utilized.
Geotechnical aspects of the mine, including its stabilitty help determine if certain reclamation options
will endanger the workers, and radiological chanasties determine how much reclamation must be
conducted.

As mentioned above, having data radiological background conditions is very important in the
development and design of anymrediation and reclamation plan. The average natural background dose
in the United States is about 300 mrem/year, nai¢hat originating from naturally occurring
radionuclides that include uranium and thorium isefosites selected for uranium mining will generally
have higher levels of naturlahckground. Radiation surveys for establishing background can help
determine statistically appropriateference levels of natural sbéckground in areas uncontaminated by
human activity. This information can aid in edigling the extent of any additive man made
contamination, determining sitelated impacts, and assessing reiagah goals at or above background
radiation levels (U.S. EPA et al. 20isenbud and Gesell 1997; NCRP 1987b).

Off site characterization is extremely importard &s both natural and human factors may have resulted
in dispersion of dusts, rock, liquid, refuse dnetwastes contaminated with radionuclides or other
pollutants beyond the borders of a mardts related facilities. Transport of ore and waste rock to other
locations away from a mine are not uncommon, for example the creation of an ore transport station for
ore produced by several mines in a common arehidnmegard, reconnaissance walking, aerial, and
radiation surveying may provide initial evidence af titeed for more detailed evaluations. Sampling of
water and soils off site may also provide eviceenf contaminant releases. Computer modeling of
collected data, and calculations of potential panspathways may guide medetailed sampling and
surveys to characterize and identify how far and in what directions radionuclides, metals, or other
contaminants have moved or been taken away fhenmine site. Examples of two recent reconnaissance
radiation surveys conducted by EPA in areas ¢éf ai uranium mines include U.S. EPA and USACE
(2000) on the Navajo Reservation, and Dempse&y. €1999) on the Spokane Indian Reservation.



When releases of contaminants have occurredtefb§uranium mines, they may be subject to
remediation actions of federal, Tribal, or stgbvernments in accordance with their statutory and
regulatory authority (see Appendix VI). In the cas¢hef Spokane Indian Reservation in Washington
state, a radiation survey conducted by EPA idedtifidere uranium ore and related materials had spilled
out of trucks driving off site from the Midnite Mirte the Dawn Mill. The mining company agreed to
remove the spilled ore and remediate thessiThe work was completed in March 2005.

Sometimes, it is possible to locate original pre-ngnéxploration survey radian data, which can help

in establishing background levels. Surveying teghes for performing radiological characterization
include direct measurement and scanning with tiadigurvey instruments, and site sampling followed
by lab analysis. Direct measurement and scanningestesuited for determining total surface activities.
However, these measurements imsaases cannot be used for accurately determining reclamation or
remediation goals. In these cases, sampling f@tbiay lab analysis may be best suited for
characterization, but extensive sampling can bec@neexpensive. Protocols and procedures for final
site surveys are detailed in thilti-Agency Radiation Survey and Site Investigation Manual(MARSSIM)
(U.S. EPA et al. 2001). An important issue in aatidn site survey and particularly for abandoned
conventional mines, and discussed in the MARSS$$Mgetermining what constitutes background levels
of radiation to ascertain what changes may haveroetat the site due to human activity, and attempting
to distinguish the changes from natural background radiation.

In those instances where mines &rcated near populated aressgioeconomic characteristics can
influence methods and clean up goals for mine readimm. Final land use generally takes into account
future human and environmental exposures from the reclaimed site.

The Reclamation Process

TENORM bearing overburden, waste rock and other materials at sites of former uranium mines that are not
in compliance with applicable criteria and standardy need remediation depending on requirements of
regulating and land use management agencies. Thdivegof remediation, dependent on the federal,
state, Tribal or even local requirements, may include removing potentially harmful effects on the
environment and human health, to render impoundsrstable over prolonged periods of time, and

ensure that the sites are established with natufadg&iaining vegetation if possible. In addition to
characterizing sites, the following information isygeally gathered to develop the final plan for
remediation and public use of the land: agreed fimal lase; physical characteristics, such as tonnage and
area of rock piles; maximum area that can be fmefihal disposal and maximum height for contouring;
maximum permitted slope angles; eomscharacteristics for proposed combinations of waste rock and
possible limitations on use of erosion control structofdsal capping; availability, quantity, and quality

of soil for use in revegetation; and experience wethegetation of similar gk types in the region.



Overburden and Waste Rock Reclamation

Overburderand waste rock from mining operations are usually placed above ground in piles. An
important decision that is usually made first for rea@tion is whether the waste can be placed back into
the mine excavation, either an open-pit mine,matarground mine. Often thakecision will depend on the
presence of water at the site, and whether leachingrdéminants and radionuclides from waste placed
back in the excavation is likely to occur. In mangtances, the mine may have partially collapsed,
making it impossible to return all wastes to the ioagjworkings, which would then require different
reclamation or disposal methods for the remaining nadge In some cases,duas the Lathrop Canyon
mines in Canyonlands National Park, Utah (see Adpelll), a decision was made by the National Park
Service not to reclaim the abandoned mines bubpusthe mine opening with wire, and post radiation
signs to keep members of the public out of the Wk This decision was made due to the remoteness
of the mine site, low visitation rate, and anticipdted risk to the public and environment from radiation
at the site (Burghardt et al. 2000). In other site®] lmanagement agencies hastirned waste rock to
the underground mine, then placed barriers at the partal which allow bats to enter and leave freely
for roosting.

In those cases where mine waste piles have eitherbeened to an original opepit excavation, or left

in place, reclamation has generally been implementeddbgllation of a dry-cover system. The first step
in constructing a dry-cover for oflurden and waste rock piles is to recontour the above-ground
materials. This action improves both the long-tstability of the vegetative cover and landscape
integration. In doing so, steps are usually takeeniure that all settling has occurred prior to re-
contouring, to prevent depressions on the surfaceatloat water to collect and ultimately infiltrate the
waste pile, and to mediate unsuitable slope angleptbatote erosion. There are always exceptions. In
semiarid environments, leaving some engineeitisg depressions, or berms has aided in creating micro-
environments and holding water, on aadirscale, for revegetation (Leshendok 2004).

A suitable site usually is designed to last far thifuture, though regulatory controls for most mines
end once the facility has been closed. Closure desi@ty recognize that the radionuclide hazards may
exist on the order of hundreds to thousands toanaliof years, due to the long half-life of the
radionuclides involved, and incorporate the impacts of weathering to prevent spreading of radiation.
Designs commonly are based on human and socieliéiestio maintain regulatory controls and not on
the period of the hazaslexistence. Capping materials are noiallg a source of additional pollution and
are generally compatible with the agreed fiaald use. Water management techniques commonly are
designed to divert surface water away from ithpoundment, treat surface precipitation on the
impoundment for suspended solids only, and tneder draining from underground mine areas for
extended periods of time.

The last steps for reclamation generally aregetetion and maintenance. Revegetation improves the
long-term stability of the reclaimed land to intatgr with surrounding undisturbed land, strengthens
resistance to erosion, and limits net infiltratiorpoécipitation by enhancingvapotranspiration. While
revegetation can be alloweddevelop naturally, one technigigchydro-seeding, which spreads
suspended seeds in nutrient solutions with addgahie gels. This may achieve good results in the
presence of some soil; though its use in many avéhsonly rock, or exteme aridity, has been
unsuccessful. In cases where the topsoil generatesspeicial treatment with lime may be necessary.
The use of sewage treatment plant biosolids aswtgmedium has been tried successfully on other
types of mines and could be used for uranium mines as well.



While passive controls are usually preferableintemance may be required to cope with surface
disturbance during the first few years, such as legadion and settling. Maintenance efforts may include
surveying the integrity of the surface cover and irdemg to repair detected damage to vegetation.

Heap-Leaching Reclamation

Theheap-leaching process is not curhgirt use by the U.S. uraniumdustry, but has been used in the
past. Wastes derived from this method, regulated a®bypt material by NRC or its Agreement States,
form piles that if not sent to uranium mill tailingepoundments for disposal, would need to be reshaped
for proper integration into the landscape for reclammatMany heap-leaching piles were accompanied by
drainage systems that could be preserved for ratiedipurposes. In some select cases, the heap-
leaching pile would be flushed to further remalleuranium and other valuable substances prior to
considering the pile as waste. Once the pile isidensd waste, the reclamation technique for heap-
leaching waste has been contouring for stabitimatand capping. Capping further reduces leaching by
reducing water infiltration rates, preventing the dispon of radioactive material by water and wind
erosion, decreasing radon emanation rates, andingddicect exposure to gamma emissions. Under
NRC and Agreement State controls, such sites woegd to meet current environmental protection and
radiation protection decommissioning standards fotgation of groundwater and the public. In some
cases, the heap-leaching waste could be used #alalestirst cover for mill tailing wastes, if the
properties of the waste are not too acidic.

Mill Tailings Reclamation

Remediation of mill tailings sites is closely affilidteith reclamation of uranium mines. Mill tailings
have been regulated as byproduct materials by R€ bt its Agreement States, and the Department of
Energy (see Appendix VI), under the requirements of UMTRCA. Decommissioning of uranium mills
follows the environmental protection standard&Bf, and licensing and closure regulations and
guidances of NRC or its Agreement States. Fogagtltwo sites, mill tailings were stabilized in an
engineered cell within a former uranium mine pittlo@ mill site. Internationally, two types of systems
have been used for close-out of tailings impoundmiengsevent radon emanation: dry-cover and water-
cover systems. Only the dry-cover system is uis¢le U.S.; however, for information purposes only, the
wet-cover system is also described briefly.

Dry-Cover Systems

A dry-cover system utilizes the folldng steps: (1) removal of free water and stabilization of the surface,
(2) recontouring and landscapingatfove-ground tailings facilities, (8apping, and (4) revegetation (if
possible) and maintenance. Tailings are usuallyadisd of as slurry, and water collects on the surface
over time as the tailings consolidate and settle. In cakere the tailings have been allowed to spread
without containment, physical relocation for consatidn purposes may be preferable. Many mill tailings
impoundments have simply been cappéith @ry rock without revegetation.

Once the containment area has been determinedacocegtable, the water is generally pumped off the
tailings, and a cover applied. One method of improviegdifainage of tailings is to insert vertical wick
(cords or fibers that draw liquid to them) draiwich often allows the tailing mass to reach a lower,
final water content than can be achieved by natlreihage. An alternate waf enhancing dewatering
of the tailings is to apply a thin layer of high-dignsover material. For example, using a layer of



synthetic geotextile and an ironttieg increases the surface stabilitydgorevents cracks by compressing
the tailings to expel water.

The second step, recontouring the above-ground tdditities, improves both the long-term stability of
the cover and landscape integration. This step resgjtivat all settling has occurred prior to recontouring.
In many cases, particularly for uranium mills, due id alimate and lack of natural soil, revegetation is
not possible and a rock cover may be installed. A gralatandard for installation of such a rock cover is
U.S. NRC (2002) NUREG-1628esign of Erosion Protection for Long-term Stabilizatidhe

installation of a suitable cap not only covers the wastterial, but also prevents fugitive air emissions by
covering the particulate that could be mobilizeaugh air currents. The same cap design, water
management, re-vegetation, and maintenance ifisaiespply to waste pile remediation apply to
placement of a dry-cover system for tailings remediation.

Water-Cover Systems

While used in Canada and Europad in isolated instances for othigpes of mines in the U.S., water
cover is not viewed as an acceptalrieans of remediation for uraniumill tailings in the U.S., is not
permitted under NRC regulations unless approvedmagdeary water covers (groundwater evaporation
ponds), and should not be viewed as EPA recommepdeedures. The methods used in other countries
are site specific and dependentenvironmental impacts, land use requirements, etc. The discussion
below is for information purposes only.

A water-cover system completely immerses the wagtea sustainable, thin layer of water. Its
objectives are similar to those of a dry-cover sysiarthat it seeks to stop wind erosion of the dry
beaches, reduce radon emanation, provide a barii@rasion of the tailings, and prevent acid formation
in cases of acid-generating tailings. Covering the tailimigfs water can prevent contact with atmospheric
oxygen and foster the development of anaerobiitions, which can reduce the mobility of many
contaminants of concern. To be considered for@ma@ver remedy, a facility may either be an above-
ground impoundment where slurry has been allowestite, with the slimes settling slowly in the center
of the decantation pond, or a below-grade sitg@n-pits where tailings have been transported as a
thickened paste and disposed of.

This technique has several potential problemsuding sustaining the water cover, preventing human
and biota intrusion from ingesting the water coagd preventing further contamination of other water
bodies through infiltration. A principal issue is nilidfp of uranium and other radionuclides, especially in
either acidic or alkaline waters. As with all potehtemediation techniques, the likely effectiveness of
technigues such as this need to be sdsiasluated prior to remediation design.

Other Approaches

Internationally, tailings have also been disposeid oftural lakes. Reclarian in those cases focused

on ensuring that the tailings would remain containethbyaddition of capping with sand and rock. Water
guality monitoring programs for lakes have also begsiémented in those countries where this disposal
method has been used. Such methods have notppesved by the EPA. Tailings that have been placed
below ground (in the mine) during operations hprevided a long-term management solution from the
viewpoint of reducing potential raation exposures to members of the public. However, the possibility of
leaching and suffusion (spreading) by permeating grouretiwady need to be taken into consideration.
Reclamation and remediation efforts vary basedite specific characteristics, impacts on the
environment, and available resources. Options eyeypl for prevention of leagty and suffusion into
surface and groundwaters include sealing open minéssiiad creating undergrod barriers by injecting
grouts.



The Wastewater Problem

Water is one of the principal pathways for dispecalranium mining pollutants into the environment.
Water is contaminated by surface runoff from overburden and waste rock piles, seepage through
overburden and waste rock piles, and other actiomsemmining waste comes in contact with water. The
radioactivity is derived from uranium, thorium, radi, lead and daughter products either dissolved or
suspended in water. Where pyrite and other salfinerals are present, acidic solutions may be
generated. Acid generation, alsmown as acid mine drainage or acid rock drainage, is a concern of
several types of mining. The acidic solutionsjekhincrease the mobility of heavy metals and
radionuclides in the ore, require neutralization beb@iag discharged into the environment. Also present
in the contaminated water may be nitrates, edtiend ammonia originating from the residue of
explosives used. The composition of the wastewatdgtermined by the ore type and grade, and by the
process technology used to mine the ore.

Pit water, or pit lake water, is water which liled an open-pit mine excation, usually derived as

water from underground workings of the mine. Asulaset of wastewater, pit water may represent the
largest volume of wastewater present from the existehoeanium mines. Pit water can vary greatly in
the concentration of contaminants present, and thenivasome pit lakes may even meet EPA drinking
water standards (Leshendok 2004). However,dbalting water may also have the same general
characteristics as other wastewater generated by cavitachining waste or uranium ore. Pit lakes have
increasingly become a concern of some state regsilmtanat these waters are generally open to the
public and terrestrial and avian life. For many asth waters, remediation may be a delicate tradeoff due
to the vast quantity of the water and the limiteold available for remediation. In some instances the
regulatory body may acknowledge an inability toetrteuman health water quality standards and may
refer to other achievable water quality standardb s those sufficient to sustain livestock. The
techniques for remediation of these waters are indludéhe discussion of the techniques that follow.

Setting of quality objectives for aquifers ane surface water courses are established according to
federal regulatory requirements, land-use plans, asaweitate, Tribal and local rules. There are specific
EPA groundwater discharge standards for uraniumiumprand vanadium, as well as other types of hard
rock mines (see Appendix VI), and many states h&ee these to establish their own standards, with
discharge permits required for mines in accordavitethe Clean Water Act. Acceptable treatment
technologies for mine reclamation are approved by statbal and/or federal agencies (depending on
land ownership) according to the nature of the contamg) their concentrationasnd the desired effluent
levels. A general objective of regulating agenciesioring water treatment is to produce an acceptable
water quality of the discharge with low volumes of residues.

Processes for Treating Uranium Ore

When water comes in contact with uranium bearinge@hesr naturally in the ground, or when extracted
under license by regulated processes, several oxidaaxctions take place. The end product of these
reactions is uranium sulfate (J8X0,), which creates uranium cake, sulfuric acid, and ferrous sulfate,
which are the major wastewater contaminants ngddéatment. Additionally, the following chemicals
can be generated, either purposely or inadvertdntlghemical reactions occurring with the ore releasing
additional contaminants to the wastewater:

X Bicarbonates generated due to treatment of the acidic water with lime.

X Sulfates generated from the oxidation processes described above.



x Chlorides added to process water as a strippijgnt in the solvent &action process from back-
washing of ion-exchange resins.

Nitrates generated from explosives used for tdekting and fertilizers used in re-vegetation.
Nitrites and ammonium generated frona thegradation of organic pollutants.

Calcium generated as a residue of water treatment with lime.

Sodium generated from the solventraxtion and ion-exchange processes.

Iron generated from the oxidation of pyrite (Fe&d other ferrous sulfides.

Manganese generated naturally from various esétg processes, but also added as an oxidant
in some leaching processes.

X X X X X X

Water Treatment Techniques

Treatment of contaminated mine wastewater isllg required, with release concentrations being
dictated by federal and state requirements. Whdaay treatment technologies are capable of achieving
concentrations that are well below regulatory regraents, the accumulation of contaminants in the
sediments may also need to be taken into acc@uaditionally, large volumes of contaminated water
being pumped or released from a site (greater than 1,560He&t2.5 ni/hr)) are usually treated by

some form of chemical process though it may also be treated by newer technologies, such as biological
treatment in wetlands, evaporation ponds, and resabtwriers. The residues and sludges remaining from
the wastewater treatment must be disposed of apptelyrias determined by the federal, state, or Tribal
land management agency, either on-site or at ameegid low-level radioactive waste disposal cell, or
an approved off-site disposal area. In some cdepending on the quality ofmeediated water, standing
bodies of water may be left behind permanently.

Methods used for treating mining wastewater includéewua types of precipitation methods used to settle
out the contaminants from the wastewater. Thes¢atninants may include radionuclides, metals, and
other inorganic materials. Precipitation methodstfaeemost widely used methods for treating uranium
mining wastewater because they use small amourntsemhicals and are cost-competitive. However, they
also generate large volumes of residues.

Lime Treatment

Lime treatment is the method of choice for treating acidic waters from uranium processing plants that rely
upon sulfuric acid (k50Qy) leaching for the extraction of uraniumfnche ore. It is used for treating acid

mine drainage and seepage water from acid uramiuiailings and other diposal facilities. This

process adds a percent calcium hydroxide (lime, or COH) slurry to the acid effluent to raise the
solutions pH to ten. It blows air into the solutitmoxidize ferrous iron, trivalent manganese, and

arsenic, and uranium is precipitated out as calciunadate. The effluent can then be discharged with

dilute sulfuric or hydrochloric acid, after phtljustment to between six and eight. The undefflow

containing the metal precipitates is stored for disposal or further treated.

This process produces underflow or sludge of twogugrsolids, which may be difficult to dewater.

While the volume of the underflow can be reduced witim or disk filters or through centrifuges, the

capital and operating costs of this further treatment are high. Another process for minimizing the amount
of underflow of sludge generated is to treatuhderflow with a high-density sludge (HDS) process.

The HDS process uses multi-stage treatment presesy recycled underflow to yield a sludge
concentration of up to 15 percent solids.

! Flowing bottom waters containirdissolved or suspended solids.



Ferric Chloride Treatment
Although most of the arsenic (As) present in wagtter is precipitated out with lime treatment, the
remaining arsenic levels in the water may still excaezkptable release limits. If this is the case, ferric
(Fe) chloride (Cl) treatment can be added tosthey during bulk neutralization to precipitate out
arsenic. The reaction:

AsO,* (aq) + 3H (aq) + FeQ ------------- > FeAsQ + 3HCI (aq)
occurs in solutions with a pH of less than sevric hydroxides also aid in the precipitation process.
This process will yield wastewater with concentrations below 0.1 mg/L

Barium Chloride Treatment

Barium chloride (BaG) treatment is widely used in the uranium industry to remove radium at mining
sites. Radium concentrations below 8.1 pCi/I3(Bqg/L) can easily be achieved for wastewater
containing sulfate ions. At pH valuestiveen six and eight, barium sulfate(Bagp@as a low solubility

and readily precipitates out, co-precipitgtiradium at the same time. Only 0.00B0.00013 Ib (3860

mg) of barium chloride per liter of wastewater will achiev@&®5percent removal of radium. Because
the resulting crystals are difficult to retain, theg asually co-precipitated with other species during bulk
neutralization.

lon Exchange and Adsorption

lon exchange is the use of organic or inorganic stiidshave chemically reactive sites that are either
positively (cations) or negatively (anions) chargedita with contamination, thus eliminating it from

the effluent water. Attached to the reactive groupseassily displaceable ions of the opposite charge. The
exchange reaction is driven by the relative concgatra of the competing ions, their electric charge, and
their relative affinity for the exchange site. Aftezdtment of the wastewater, when the resins are spent
(loaded with the ions to be removed from the waatevy, the ions can becovered by regenerating the
resins by back-washing them with strong acidssMiedustrially used ion exchangers are based on
synthetic resins, but inorganic substrates such age®alie also used. lon exchange technology is very
expensive and is best used for specialized, higieteity contaminant removal. The advantages of ion
exchange are its ability to treat a wide varietyaritaminants and to reduce contaminants to very low
levels.

lon adsorption is similar to ion exchange, exceat thdoes not attempt to regenerate the resins. An
example of ion adsorption is a uranium-specHigh-molecular polymer called GOPUR 3000, which has
been developed in Germany for removing uranitom wastewater. At pH values between four and
eleven, the reactive surfaces undergo chemical chaitig¢he uranyl ion, and the resulting insoluble
matrix precipitates out of the solution. The sludgas then be dewateredng conventional dewatering
techniques.

Bioremediation

In this process, nutrients are added to a water tmthcrease natural bacterial growth which may then
fix the radionuclides and metals in the bacteria,ang them from the water, and eventually settling to
the bottom.

A recent example of using bioremediation occurredhfpit lake containing oveone billion gallons (3.8
billion liters) of water at the Sweetwater uitam property in Wyoming (Paulson 2004).

Sugars, fats, alcohols, and phogplavere added to the water in quantities approaching one million
pounds (about 454 thousand kilograms) over amioeth period. Natural bacteria in the lake
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metabolized the nutrients and respired on dissolvedriaisten the water in this order: dissolved oxygen,
nitrates, selenium complexes, dissolved uraniDissolved metals precipitated on the lake bottom,
increasing the metals concentrations in the bottonmsads. Phosphate addition encouraged the growth
of algae which provided a source of organic carbanamtain the lake. The finished water quality met
Wyoming state standards for livestock use. Other @xgats such as Anderson et al. (2003) have shown
promise with use of metal reducing bacteria, referred &eadbacterspecies, which can fix uranium in
groundwater provided sufficient other nutrients are dddehe water. In that study, the microbes were
inserted through injection wells teduce the uranium content of contaminated groundwater at a former
uranium mill site in Rifle, Colorado.

Permeable Reactive Barriers

A method which is being used at some Superfund,diteluding those with water contaminated with
uranium, is the permeable reactive barrier. Téhnhology is a constructgpermeable wall installed
across the flow path of a contaminant plume egiturface or underground, allowing the water portion of
the plume to passively move through the wall. Dhgier allows the passage of water while prohibiting
the movement of contaminants, including uraniumeimploying such agents as granular iron, activated
carbon, bacteria, compost or peat, chemicals, and.cléne contaminants will either be degraded or
retained in a concentrated form by the barrier madtel'he wall could provide permanent containment for
relatively benign residues or provide a decreased whinthe more toxic contaminants for subsequent
treatment. As one example of its use (U.S. EP&.€2000), EPA, the U.S. Geological Survey, U.S.
Bureau of Land Management, and U@partment of Energy participated in a joint study of the Fry
Canyon site in southeastern Utah for a long-term field demonstration to assess the performance of
selected permeable reactive barriers for the renaiwalanium from groundwater. That study found that
reactive iron (zero-valent iron) removed nearly 100%rahium in water after it had passed 1.5 feet (0.5
meter) through the three foot (one meter) thick barrier.

Wastewater Preventive Strategies

The objective of preventive strategies is to agsderation of acidic wastewaters and contaminated
water from closed or abandoned mines and to retthecamount of contamination needing remediation.
The planning of mine closure activities genergilyes priority to prevetive strategies whenever
possible. Following are some of the prevenstrategies and goals that may be applicable:

Underground Mines

X Avoid mixing good and poor water quality in actively managed mines.

x Allow flooding of decommissioned mines to redtlee atmospheric oxygen available and the
mobilization of contaminants if there is nonmection from the mine to surface or groundwater.
Limit groundwater circulation in mines bydecing permeability and hydraulic isolation.

Seal shafts, boreholes, and other access routes.

Seal fracture and fissure zones.

Dam up individual parts of the mine to prevent circulation.

Use chemically active backfills to create reaetbarriers that reduce contaminant migration.

X X X X X

Surface Impoundments of Mine Waste Materials
x Divert surface water by developing channels.
x Cap impoundments to limit infiltraih of atmospheric precipitation.
X Place waste materials selectively to facilitate containment.
X Install reactive inter-layers (crushed limestone) to control pH.
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x Encourage the development of anoxic conditimmsidding bacterial growth media, such as
manure or wood chips.

Open-pits
x Install clay seals to prevent infiltration to underlying strata.
X Add lime to raise pH values.
x Seal boreholes to prevent infiltration into underlying strata.
x Backfill the mine pit to avoid accumulation of surface runoff.

Groundwater Protection at |Shites

Environmental regulation of ISL systems is oversegthe NRC or its Agreement States (see Appendix
V1); remediation must be conducted to returngh@undwater and other systems to as close to pre-
extraction conditions, or to the same clasgrofindwater use as possible. Groundwater protection
requirements for ISLs are laid out in NRC’'s NUREG 1569 (U.S. NRC 2003).

Early experiments in productiaf underground uranium using the ISL method utilized a variety of
different liquids to examine their efficiencies and soktsed only as a test, it was determined that acidic
solution lixiviants (sulfuric acid, nitric acid, and ammonium bicarbonate) destroyed the ore bearing
material and mobilized many other unwanted materiatiditionally, the restoration activities were found
to be cost prohibitivevhen attempting to return the aquifemi@-extraction conditions. Consequently,
the industry has moved toward using ISL oxygenh@ardioxide, or sodium bicarbonate solutions, which
have become the predominant form of uranium prbddn the United States, primarily because of their
typically low production costs and expected environmental impacts.

Groundwater restoration is accomplished through geslyscalled pump and treat. During ISL, after a
wellfield is exhausted, the aquifer must be restofrding aquifer restoration operations, relatively large
volumes of wastewater are generated. Waste disppsems at ISL operations usually consist of a
combination of evaporation pondeep-well injection, and surface discharge (usually via irrigation).
Evaporation ponds now must be double lined and muastporate leak-detection and leachate-collection
systems. Pond residues must be shipped off séppgmved disposal facilities. Regulations prohibit the
injection of ISL waste into aquifers containilegs than 10 g/L of total dissolved solids.

A variety of aquifer restoration processes have losed in the United States. Remediation generally
follows five stages: (1) groundwater sweep, (2) watatment, (3) reductant addition, (4) circulation,
and (5) stabilization.

Groundwater sweep is initiated when the uranium cdnaton in the production fluid has dropped to a
level where recovery is no longer feasible. Duigngundwater sweep, the lixiviant (sodium bicarbonate)
is discontinued, but the waterssll pumped through the recovery Nge displacing contaminated water
from the aquifer. As the aquifer is diluted irtboncentration of the lixiviant, groundwater sweep
becomes less useful.

During water treatment, contaminated water remainirterground is brought to the surface and treated,

and clean water is pumped back into the wellfi€his treatment continues until the groundwater is
restored (normal treatment volumes are two to six times the volume of water in the original aquifer).
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At some operations, the restoration is complete aftger treatment. However, since the addition of
chemicals into the aquifer creates an imbalance, tlemuist be returned to a reduced state by adding a
chemical reductant, such as hydrogen sulfide. fiddsicing action usually causes dissolved uranium and
other heavy metals to stabilize at acceptable levels.

Circulation is then conducted in the aquifer, wheater in the amount of two or three times the volume
of the aquifer is pumped though the wells to elimergiatial and temporal vations in water quality.
Finally, stabilization monitoring is conducted to endina the well has reachadsteady state. If there is
no indication of increasing levels gfound water constituents of a®in, the site is released for
unrestricted use.

Evaporite wastes from evaporation ponds are curreigposed of in facilities licensed to receive such
wastes under NRC standards.

Building and Equipment Reclamation

Uranium mine sites usually have very few or no bngd. Any buildings on site are generally temporary
and are easily demolished, thougimeomay be constructed of oberden or waste rock, cemented
together. Demolished building material has genetzdgn bulldozed into one of the open-pits or
sometimes into underground mine portals tadmaimed and included with the waste rock.

Equipment associated with the conventional mirsitgs includes mining shaft equipment and frames;,
rock ore cars, and other equipment that has comentact with the ore or waste ore material. Radiation
contamination of this equipmentgenerally limited to the residue from the transportation and handling
of the mining ore. As such, this equipment has gelyebeen decontaminated by thoroughly washing it
with water or other mild cleaning agents. Followthg washing the equipment can be transported to
another site for reuse, depending on its resicdibactivity level, and state requirements.

However, old equipment generally has very little manevalue. In many cases an effective remediation
method has been to simply dispose of the equipmeart open-pit or mine portal and bury it with waste
rock. The resulting waste rock and equipment pit ec&aimed by installing a dry cover. In some cases,
decontaminated equipment may be sent &cgaling mill for processing into new equipment.

Many abandoned mines may have other typesastes, such as metals, hydrocarbon spills from storage
tanks or vehicle fueling, polychlorinated biphenfR<Bs) from old or damaged electrical transformers at
a site, lab wastes, explosives, and refuse. Thosesvasist be cleaned up in accordance with established
EPA and state rules for hazardous wastes.

Radiation Protection Standardsr Reclaiming and Remediating
Uranium Mines and Extraction Facilities

The preceding discussion provided an overview of the process of reclaiming uranium mines and
extraction facilities, as well as means of regtoreof surface and groundwaters. These same processes
are generally used for remediation where hazardougialatare being cleaned up at the site or outside
its property borders, except that removal and dispossl be more labor intensive, may require special
protections for workers, property and the publitd aequire long-term monitimg and stewardship to
ensure that no future releases of the hazardous alatecicur. In a particular circumstance, the U.S.
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Congress passed UMTRCA, which establishedveedkal cleanup program for specific abandoned
uranium mills.

Radium-226, thorium-230, and radon-222 (gas), aail thecay products are the radionuclides present in
uranium mill tailings that are of principal conogo human health and the environment. Under
UMTRCA, EPA has the responsibility to establismsl@rds for exposure of the public to radioactive
materials originating from mill tailings and for cleanapd control standards for inactive uranium tailings
sites and associated vicinity areas, as well as opesiteyy EPA's regulations in 40 CFR 192 apply to
remediation of such properties and address emissiaasion, as well as radionuclides, metals, and other
contaminants into surface and groundwater. Titdethe Act concerns tailings at inactive uranium

milling and extraction sites while Title Il appliesdarrently operating uranium mill tailings facilities
licensed by the NRC or an Agreement Stitere discussion on UMTRCA and associated federal
regulations can be found in Appendix VI, and LEPA (1995a). Among the more important remediation
standards are:

X The disposal areas must be designed tit tieeases of radon-222 from uranium byproduct
materials to the atmosphere so as nexiteed an average release rate of 20 pGi/fihis
requirement, however, applies only to a portion ofspasal site that contains a concentration of
radium-226 that, as a result of uranium byproduct material, exceeds the background level by more
than:

o 5 pCilg, averaged over the first 15 cm below the surface
o 15 pCi/g averaged over 15 cm thick layers more than 15 cm below the surface.

X Maximum concentration limits are establishedgmotection of groundwater, although alternative
concentration limits can be established for dpesites by DOE. The EPA standards are (in
milligrams per liter, unless otherwise stated:

Arsenic 0.05

Barium 1.0

Cadmium 0.01

Chromium 0.05

Lead 0.05

Mercury 0.002

Selenium 0.01

Silver 0.05

Nitrate (as N) 10.

Molybdenum 0.1

Combined radium-226 and radium-228 5 pCilliter

Combined uranium-234 and uranium-238 * 30 pCilliter

Gross alpha-particle acttyi(excluding radon and uranium) 15 pCilliter

Endrin (1,2,3,4,10,10-hexachloro-6,7-exposy1,4,4a,5,6,7,8,8a- 0.0002
octahydro-1,4-endo,endo&dimethanonaphthalene)

Lindane (1,2,3,4,5,6-hexachlorocyclohexane, gamma insomer) 0.004

Methoxychlor (1,1,1-trichloro-2,2'-bis(p- 0.1methoxyphenylethane)) 0.1

Toxaphene (C10H10CI6, technical chitated camphene, 67-69 0.005
2,4-D (2,4-dichlorophenoxyacetic acid) 2,4,5-TP

Silvex (2,4,5-trichlorophenoxypropionic acid) 0.01

* Where secular equilibrium obtains, thisterion for uranium will be satisfied ks concentration of 0.044 milligrams
per liter (0.044 mg/l). For conditions of other thatslar equilibrium, a corresponding value may be derived and
applied, based on the measured siteeHijperatio of the two isotopes of uranium
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The NRC or its Agreement States license uraniuftsninder statutory requirements of the AEA and
UMTRCA, NRC has issued regulations in 10 CFR Parts 40 and 51 to provide for environmental
protection for domestic licensing arelated regulatory functions, whitbose in 10 CFR Part 20 cover
radiation protection from hazards of mills and thveastes, and adopt the EPA standards. NUREG 1620
(U.S. NRC 2004) provides guidance for the approvakclamation plans of active uranium mills.

While EPA has not established radiation protecsiamdards for use in mine reclamation, it has
developed guidance for use in cleanup of radioagtivehtaminated soils and groundwater primarily for
the Superfund program. The soil standards are l@asé#ue use of radiation standards developed under
the UMTRCA program for uranium mills (U.&PA 1998, 1997c) while cleanup standards for
groundwater use EPA’s maximum contaminant lieestablished under the Safe Drinking Water Act
(U.S. EPA 2001c). The radionuclide soil cleanumdéad for combined radium-226, radium-228, and
thorium-232 is 5 pCi/g. For groundwater cleanup aradection, the EPA drinking water standards for
uranium of 30 pg/L, and 5 pCi/L for radium are relevant and appropriate.

Costs of Reclaiming and Remediatisiganium Mines and Extraction Facilities

The discussion which follows provides a brief overview of the costs of reclamation and remediation at
uranium mines and extraction facilities (mills, I18hd heap-leach). Analysis of reclamation and
remediation costs at uranium mines and extradtoitities would potentially include costs associated
with the following items: overburden and waste rpdks, heap-leach piles, ore storage and loading
areas, tailings ponds, undergroundhes, open-pit mines, milling facilities, buildings and infrastructure,
ISL infrastructure, and contamirat soils and groundwater.

Costs of environmental management after closureistgm$marily of reclamation and monitoring costs.
For mines, reclamation may include partial or congpbeckfilling of pits, stabilization of waste rock

piles, appropriate contouring disturbed land surfaces, and reveteta Monitoring is a post-closure

cost of some, but not all mines. Since remedigtimjects vary greatly due in part to ore conditions,
mining and extraction method, climate, remé&diascope and objectives (usually as defined by
applicable regulations), and sources and availabilifyrds, the costs for reclaiming uranium mines also
vary greatly. In those instances where an operatiagtive or abandoned facility has been remediated as
a result of response to releases of hazardous substander CERCLA or applicable state laws, the costs
may be incrementally larger.

The Department of Energy conducted a summangjeainup costs for 75 production facilities, including
mining and milling operations of uranium mines,aobreviated version of which appears in Tables
4.1B4.4. Due to the similarity of the cleanup teahugs, costs for remediating uranium milling sites
(under UMTRCA) have been included in Tables 4.4.8 The costs of reclaiming and remediating the
21 mines included in this survey varied widely, by mib@n two orders of magnitude in terms of cost per
ton of ore and kg of uranium produced (Table 4.4). Sohtleis range is attributable to the differences in
acreage of land area disturbed per ton of ore, bohrotiit is due to the differences in methods of
accounting for cleanup costs. Some of the mines paed contemporaneousalamation during mining.
Some of those mines charged those costs aggiesations, while others charged them separately as
reclamation costs.
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The average costs of cleanup of the 21 mine sitegdadlin this survey were $3.01/metric ton (MT) of

ore mined, $2.54/kg of uranium produced, and $%hectare of land disturbed. However, the Day-

Loma mine has exceptionally high costs and skeeatlerages disproportionately to its total production.

If Day-Loma cost figures are excluded, the Title léeage costs drop to $2.77/MT of ore, $2.34/kg of
uranium produced, and $27,900/hectare of disturbance. Costs of reclamation of these sites ranged from a
low of $0.24/MT of ore, $0.18/kg of uranium produced, and $2,337/hectare disturbance to a high of
$33.33/ MT of ore, $23.74/kg of uranium produced, excluding the Day-Loma mine, and $269,531/hectare
disturbance for all 21 mines. The averagel te¢éimated cost is $13.9 million per mine.

Table 4.1. Total and Average Production and Costs of Remediation
of TITLE | Uranium Mills and Related Facilities
Title 1 Mills were abandoned, un-licensedlsoperated during the AEC existence.

Number of sites included 26

Metric tons of ore processed 29,100,000
Metric tons of uranium produced 50,624

Average cost of closure, $/MT ore $50.91

Lowest cost of closure, $/MT ore $5.00

Highest cost of closure, $/MT ore $320.25
Average cost of closure, $/kg U $29.22

Lowest cost of closure, $/kg U $2.50

Highest cost of closure, $/kg U $348.42
Average cost of closure, $/curies Ra-226 $48,000
Lowest cost of closure, $/curies Ra-226 $5,00C
Highest cost of closure, $/curies Ra-226 $958,167
Average closure cost per site $56,900,000)
Total closure costs of all Title | sites $1,480,000,000
Cexcluding groundwater program

Title | Groundwater Program $215,000,000
Total Closure Costs of all Title | Sites | $1,695,000,00(

Source: U.S. DOE/EIA 2000b.
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Table 4.2. Total and Average Production and Costs of Remediation
of TITLE Il Uranium Mills and Related Facilities
Title 11 Mills were mills licensed by NORor Agreement States in or after 1978.

Number of sites included 28
Metric tons of ore processed 220,000,000
Metric tons of uranium produced 284,086
Average cost of closure, $/MT ore $2.66
C excluding Shootaring Canyon Mill $2.62
Lowest cost of closure, $/MT ore $0.67
Highest cost of closure, $/MT ore $11.33
Average cost of closure, $/kg U $2.06
C excluding Shootaring Canyon Mill $2.03
Lowest cost of closure, $/kg U $0.45
Highest cost of closure, $/kg U $14.04
Average Closure Cost per Site $20,900,000
Total Closure Costs of All Title 1l Sites $584,800,001]

Source: U.S. DOE/EIA 2000b.

Table 4.3. Total and Average Production and Costs of Reclamation
of All Uranium Mill Sites (Title | and Title 11)

Average Closure Cost per Site $42,200,000
Total Closure Cost $2,279,800,00(

Source: U.S. DOE/EIA 2000b.
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Table 4.4. Total and Average Production and Costs of Reclamation of All Uranium Mines

This table includes mines as well as mill sites.

Number of sites included 21
Metric tons of ore processed 96,900,000
Metric tons of uranium produced 114,803
Average cost of closure, $/MT ore $3.01
C excluding Day-Loma $2.77
Lowest cost of closure, $/MT ore $0.24
Highest cost of closure, $/MT ore $33.33
Average cost of closure, $/kg U $2.54
Cexcluding Day-Loma $2.34
Lowest cost of closure, $/lb;0g $0.18
Highest cost of closure, $/1b;0g $23.74
Average cost of closure, $/ha disturbance $29,969
Cexcluding Day-Loma $27,900
Lowest cost of closure, $/ha disturbance $2,337
Highest cost of closure, $/ha disturbance $269,531.
Average Closure Cost per Site $13,900,000)

Source: U.S. DOE/EIA 2000b.

At a similar level of expenditure, remediation BRA of the Lucky Lass and White King uranium mines
in Oregon under CERCLA was estimated to eggiroximately $8 million (U.S. EPA 2001a). The
National Forest Service planned to remediate timgp&r uranium mine in California at a cost of
approximately $2 million (AAPG 2005).

Underground and open-pit mine clossivhich have not involved remediation or long-term monitoring
have been reported by some organizations as castjngicantly less than the above sites, particularly
when overburden, waste rock, andtpre have not needed to beptised off-site, soil contamination is
minimal, sites are relatively small, and water insashas not been a problem. For example, the Navajo
Abandoned Mine Lands Agency (Navajo AMLR 20@Xpended about $893,000 to reclaim 20 mines
with over 245 mine portals, over 57,000 cubic yardsadfoactive mine waste spread over 35 acres of
land, and seven acres of haul road. The average cost per mine would be about $45,000.

On the other hand, remediation actions undeRCEA for spilled ore off-site of a mine can be

expensive. Cleanup in 2005 of 12 sites where orespiléd off of ore trucks on the haul road between

the Midnite Mine and the Dawn Mill in Washington state, some 18 miles (about 29 km) distant, amounted
to a cost of approximately $357,500 (MFG 2005).

U.S. DOE/EIA (1995) estimated erage decommissionirgpsts for ISL operations were $7 million.
Groundwater restoration accounted for $2.8 million|fiedd reclamation costs were $0.9 million and the
plant dismantling costs came to $0.6 million. Othesteg¢such as evaporatioomuls, disposal wells, and
radiological surveys) averaged $1.2 millidme indirect costs averaged $1.4 million.
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Stewardship and Long-Term Moming, Management and Remediation

Radiation from closed sites remains a potential risicern for thousands of years due the extensive half-
lives of uranium isotopes and their progeny. Even vwdtate-of-the art remediation methods have been
used for stabilizing a site, proof that the methioalge been successful can sometimes only be obtained
through long-term monitoring of air and watetip@ays. Because some uranium mines are developed
where natural accumulations of uranium far exceethabconcentrations in unmineralized rocks, areas
in and around uranium mines have natural, ambaibactivity that may be hazardous to human health,
irrespective of whether a mine was ever developed.

When mining or extraction facilities are closed, stelship and monitoring may or may not be required
to ensure that remediation goals have been mét.réquirement depends on statutory requirements for
federal, state or Tribal agencies, the nature ositiee and local site conditions. For example, after the
stabilization monitoring phase at NRC or AgreemeateSlicensed/permitted ISL facilities, if there is no
indication of increasing levels of groundwater constitsi@ftconcern, the site is released for unrestricted
use. Mines remediated under EPA Superfund oversiyhrequire open ended periodic monitoring until
it is similarly determined that the site can be releasthy mines on federal, state, and Tribal lands in
the western U.S. have been considered closed wittemdt for further monitoring once they have been
reclaimed (or remediated if necessary). Under BR@A requirements, reclaimed uranium mill tailings
sites are licensed to the DOE aresidned for 1000 years of control.

Stewardship refers to the institutional controls (owhigr or governmental) which may be put in place to
ensure that a specific site meets its closure goastutional controls can be either active, involving
some form of continuous or intermittent human actitdétynaintain the condition of the site, or passive,
which do not require human intervention and havaranunt of redundancy built into them to deter or
prevent disturbance of the remediated site. Exangflastive controls are air, surface, and groundwater
monitoring; site inspections; grounadiation surveys; and aerial gamsaveys. Examples of passive
controls are land-use restrictions, fences, and sigresinstallation of passive controls does not negate
the need for active institutional controls (i.e., monitoring).

Stewardship may also include reclamation goalsrdttem protecting human health and preventing water
pollution. Some may include consideration of pdivg bat gates for underground mines, ensuring little
or no disruption to wildlifausing or passing over the site, staininghwall rock to reduce visual impacts,
and ensuring there are no reclamation impacts oorluat or cultural sites. These may be built into
closure requirements for sites.

Monitoring for uranium mining and extraction sités,equired, allows for the assessment of the
effectiveness of the reclamation and remediatiornrstfédthough requirements may differ, some of the
more common approaches include the following:
x Site inspections confirm that the integrdf the site has not been disturbed.
x Geotechnical monitoring, sometimes involving glbpositioning systems, identifies the site and
determines if any settling, erosion, or movement has occurred.
X Groundwater monitoring for uranium and other emmihants detects contaminant movement into
groundwater systems.
x Surface water monitoring detects changethéquality or quantity of surface water.
X Air monitoring detects increases in radon and other emissions from the site.
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X Ecological monitoring determines if any of thieta are affected by bioaccumulation of heavy
metals or radionuclides from the remediated site.

There have been situations where long-term aeiiti®ns may be required to maintain wastewater
treatment facilities or fences, provide for possible fugraindwater or air impacts, etc. Several hardrock
mines—both new and abandoned—hawe teehave long-term planningd funding developed to ensure
that at some time in the future such impacts are properly managed (Leshendok 2004).

The time period over which monitoring can be requadepends on a number of factors, not the least of
which is funding availability. Contemporary remediatdesigns have been developed with a projected
lifetime of 200 or 1,000 years (uranium tailings sitasst be designed for 1,000 years of control, and
disposal sites must be designed for 200 yearsmtfal). Older sites did not have an established design
parameter for the design of these plans. Site mamitoif necessary, may initially be conducted every
year. However, if little change is noted, the frequemeay be reduced to every other year or even once
every five years. Generally, if the monitoripgase indicates no increasing levels of radionuclide or
pollutant discharge, sites have beeleased for unrestricted use.
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Chapter 5. Conclusion

Uranium, a naturally occurring element, contributes to low levels of natural background radiation in the
environment, and is found in virtually all rock and soil, as well as groundwater. Contained in a variety of
ore bearing rocks, it can be extracted and chemically converted into uranium oxide or other chemical
forms usable in industry. Uranium undergoes radioactive decay into a long series of different
radionuclides before finally reaching a stable state as lead. These radionuclides each emit alpha or beta
radiation, and some also emit gamma radiation of widely varying energies. Some of these progeny
radionuclides are highly radioactive and can pose significant human health risks, most notably radium and
the radioactive gas radon.

Mining is the process by which mineral and metal bearing ores are extracted from the earth. Protore is
mined uranium ore that is not rich enough to meet the market demand and price. This subeconomic ore is
often stockpiled at the mine site for future exploitation under the appropriate economic or market demand
conditions. Radioactive waste materials for which EPA, Tribal, state, or local government agencies have
statutory authority, that are or could be classified as TENORM from conventional open-pit and
underground uranium mining include overburden (although most overburden is not necessarily enriched
in uranium as is protore), unreclaimed protore, waste rock, evaporites from mine water, mine and pit
water, drill core and cuttings, and refuse. Liquid and solid waste materials generated at heap leaching,
ISL, or uranium mills are considered byproduct that is regulated by the NRC or its Agreement States.

Most uranium mining in the United States took place in the Colorado Plateau region straddling the Four
Corners where Utah, Colorado, New Mexico, and Arizona meet, though more than a dozen states have
hosted uranium mines during the last century. Significant changes in the uranium market price for
uranium after the early 1980s previously resulted in inactivation or closing nearly all mines and uranium
mills in the country. Recent increases in uranium price and demand have resulted in renewed interest in
re-opening mines that were closed or on standby. While some mines focus on extraction of just uranium
minerals, many mines have produced uranium along with a host of other valuable minerals that were
found together in the same rock ore.

The early small mining endeavors generated small quantities of waste typically discarded within a few

to hundreds of feet (100 meters) of the mine opening or pit. Major surface mines tend to disturb large
surface areas from the extent of both the pit and the spoils areas. Generally, tens to hundreds of acres may
be covered by overburden and waste rock. At some sites, as mining progressed, the overburden was used
to backfill mined-out areas of the open-pit in anticipation of later reclamation. Most of the older surface
mines (pre to-mid-1970s) were not backfilled during mining operations, while some of the more recent
mining included modest backfilling operations. The surface area affected by major underground mining
activities generally involves less than about 50 acres (20 hectares).

Waste volumes produced by surface, open-pit mining are a factor of 45 greater than for underground
mining, based on their respective averages. Thus, the amount of overburden and waste rock generated
from open-pit mines far exceeds that from underground mines. The U.S. Geological Survey (Otton 1998)
estimated that the total amount of overburden and waste rock generated by the approximately 4,000
operating conventional mines in its data set is from one billion and nine billion metric tons, with a likely
estimate of three billion metric tons. Overburden and waste rock from surface mines can include huge
boulders that may have been broken down with explosives and heavy machinery into particles ranging
from a micrometer to boulders about three feet (a meter) or more in diameter. The characteristics of
overburden and waste rock from conventional mines depend on the geology of the zone where the ore
was originally mined, and how the waste was subsequently treated. This may ultimately affect the
availability of metals and radioactivity to the environment as contaminants.
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Radionuclide leaching primarily from mine waste piles adjacent to open-pit mines—»but also possibly
derived by leaching from mine pit walls or by groundwater infiltration from underlying uranium
deposits—can result in significant levels of radiation in water-filled pit lakes, though some pit waters may
not become very contaminated. Surface and underground mines that intersect aquifers have the potential
to contaminate the aquifers.

In the 1980s, primarily due to cost, ISL operations, which began in the 1970s, displaced surface and
underground mining methods as the principal means of extracting uranium in the United States. In
general, ISL generates small amounts of surface solid waste comprised of: (1) soil and weathered bedrock
material disturbed during surface preparation of the site, (2) liquid and solid waste from drilling of
injection and production wells, and (3) solids precipitated during storage and processing of fluids in
holding ponds. Available data are insufficient to estimate the total amount of solid and liquid wastes
generated by existing and previous ISL operations.

Some uranium mines pose such a hazard that they are Superfund sites. Two uranium mines are on the
National Priorities List, and CERCLA removals were undertaken in 2001 for two houses constructed with
uranium mine waste rock on Tribal lands, and a recent removal action took place in Washington state for
off-site spills of uranium ore materials along a haul road between a mine and a mill. The reclamation and
remediation of uranium mines is an important consideration when contemplating the impact of past and
present uranium mining operations. Data from a Department of Energy/Energy Information
Administration study reveal that the costs of reclamation without site monitoring ranged from a low of
$0.24/MT of ore, $0.18/kg of uranium produced, and $2,337/hectare of disturbance to a high of
$33.33/MT of ore, $23.74/kg of uranium produced, and $269,531/hectare of disturbance for all 21 mines.
The average total estimated cost is $13.9 million per mine. Many smaller mines less than 25 acres (10
hectares), which may constitute the majority of mine-scarred lands currently unreclaimed, especially in
arid regions, may require much lower remediation costs. on the order of $45,000 or lower; this cost would
be incurred to bury waste piles back in a pit or underground mine opening, clean up the soil to lower
radionuclide and metal levels, and close or armor the mine opening with rock.

When conventional mining and uranium extraction facilities are closed, stewardship and monitoring may
be required for long periods of time to ensure that reclamation and remediation goals have been met,
depending on regulatory agency requirements. However, in many cases, once a facility has been
reclaimed and there are no indications of increasing levels of radionuclide or pollutant discharge, it is
considered released for other uses.
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Appendix I. List of Acronyms and Abbreviations,
and Glossary of Terms

List of Acronyms and Abbreviations

Ac

ac

ac-ft
ACAA
AEA
AEC
ALARA
AML
As
ATSDR
Ba
BASINS

BAT

Bi

BPCT
Bqg/kg
BRC
CAA
CaSO,
CERCLA

CFR
Ci
cm
COD
Cr
CRCPD
Cu
CWA
D&D
DOE
DOI
dscm

EIA
EPA
ESRI
°F

Fe
F€C13
FeP
F682
FIPR
Fr

actinium

acre

acre-feet

American Coal Ash Association

Atomic Energy Act

Atomic Energy Commission

As low as reasonably achievable

abandoned mine lands

arsenic

Agency for Toxic Substances and Disease Registry
barium

Better Assessment Science Integrating Source and Non-point Sources (USGS
computer model)

best achievable technology

bismuth

best practicable control technology
Becquerel/kilogram.

Bureau of Radiation Control

Clean Air Act

calcium sulphate (formula for gypsum)
Comprehensive Environmental Response, Compensation and Liability Act
(Superfund)

Code of Federal Regulations

Curie(s) (unit of radioactivity, 3.7 x 10'° disintegrations per second)
centimeter

chemical oxygen demand

chromium

Conference of Radiation Control Program Directors
copper

Clean Water Act

decontamination and decommissioning

Department of Energy

Department of the Interior

dry standard cubic meter

used to denote exponents (3.7E+10)

Energy Information Administration (U.S. Department of Energy)
Environmental Protection Agency

Environmental Systems Research Institute

degrees Fahrenheit

iron

ferric chloride

ferro-phosphorus

pyrite

Florida Institute of Phosphate Research

francium
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ft

g/em’

MAS/MILS

mbd
MCL
mg

mL

Mn

Mo
MOU
mrem
mR/hr
mSv
MT
MMTs
n
NAAQS
NAMLRP
NARM
NAS
NCRP
NEPA
NESHAP
NFS
NNEPA
NORM
NPDES

feet

gram

gram per cubic centimeter

Gray

hydrogen

hectare, 2.471 acres

high-density sludge

mercury

hour

in situ leaching

potassium

element-specific soilBwater partition coefficient
kilogram

liter

long-term surveillance plan

micro, 10, used in combination with specific units
microgram per meter

microgram per cubic meter

one-millionth of a meter (micron)

microRoentgen per hour

milli, 107, used in combination with specific units
meter

square meter

square meters per second

cubic meter

Minerals Availability System/Minerals Industry Location System (USGS
database)

million barrels per day

maximum contaminant level

milligram

milliliter

manganese

molybdenum

memorandum of understanding

millirem

milliRoentgen per hour

milliSievert

metric ton(s), 1000kg, or 2,200 Ib

millions of metric tons

nano, 10”, used in combination with specific units
National Ambient Air Quality Standards

Navajo Abandoned Mine Lands Reclamation Program
naturally occurring and accelerator-produced radioactive material
National Academy of Sciences

National Council on Radiation Protection and Measurements
National Environmental Policy Act

National Emission Standards for Hazardous Air Pollutants
National Forest Service

Navajo Nation Environmental Protection Agency
naturally occurring radioactive material

National Pollutant Discharge Elimination System

Al-2



NPL National Priorities List

NPS National Park Service

NRC Nuclear Regulatory Commission

NSPS New Source Performance Standards

0, oxygen

ORIA Office of Radiation and Indoor Air (U.S. EPA)

OSM Office of Surface Mining

p pico, 10%, used in combination with specific units

Pa protactinium

Pb lead

pCi/g picocurie per gram

pCi/L picocurie per liter

pCi/m*/s picocurie per meter squared per second

pH negative log of hydrogen ion concentration (measure of acidity and alkalinity)

Po polonium

ppb parts per billion, 107

ppm parts per million, 10

Pu plutonium

QA/QC quality assurance/quality control

R Roentgen

r correlation coefficient

Ra radium

RCRA Resource Conservation and Recovery Act

Rem Roentgen equivalent in man

RESRAD computer model to evaluate risks/doses from RESidual RADiation materials
(DOE:=s Argonne National Laboratory)

ROD record of decision (Superfund)

s second

SAB/RAC Science Advisory Board/Radiation Advisory Committee (with U.S. EPA)

SARA Superfund Amendments and Reauthorization Act

SDWA Safe Drinking Water Act

Se selenium

SEO State Engineer=s Office

SIP State Implementation Plans

SMCRA Surface Mining Control and Reclamation Act

Sr strontium

SSL soil screening level, in pCi/g

Sv Sievert

tpd tons per day

TDS total dissolved solids

TENORM technologically enhanced, naturally occurring radioactive material

Th thorium

Tl thallium

TNRCC Texas Natural Resources Conservation Commission (now Texas Commission on
Environmental Quality)

TRC Texas Railroad Commission

TSD treatment, storage, and disposal

TSS total suspended solids

TWC Texas Water Commission

U uranium

U504 oxide of uranium
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U4+Ti1,04 brannerite

UIC underground injection control

UMTRA Uranium Mill Tailings Remedial Action program (U.S. DOE)
UMTRCA Uranium Mill Tailings Radiation Control Act of 1978

UNSCEAR United Nations Scientific Committee on the Effects of Atomic Radiation
Uuo, uranium dioxide

UO0,S0, uranium sulfate

USiO4BnH,0  coffinite

U.S. ACE U.S. Army Corps of Engineers

USDA U.S. Department of Agriculture

y cubic yard(s)

Glossary of Terms

Adits Horizontal or nearly horizontal passages driven from the surface for the
working or dewatering of a mine. If driven through a hill or mountain to
the surface on the other side it would be a tunnel.

ALARA Acronym for As Low As Reasonably Achievable: A basic concept of
radiation protection which specifies that exposure to ionizing radiation
and releases of radioactive materials should be managed to reduce
collective doses as far below regulatory limits as is reasonably
achievable considering economic, technological, and societal factors,
among others.

Alpha Particle A positively charged particle emitted by some radioactive materials
undergoing radioactive decay. A helium nucleus (two protons and
two neutrons)

Aquifer An underground geological formation, or group of formations,
containing water. Sources of groundwater for wells and springs.

Background Radiation from cosmic sources, naturally occurring radioactive
material, including radon (except as a decay product of source or
special nuclear material), and global fallout as it exists in the
environment from the testing of nuclear explosive devices or from
nuclear accidents like Chernobyl which contribute to background
radiation and are not under the control of the cognizant organization.

Becquerel (Bq) The International System (SI) unit of activity equal to one nuclear
transformation (disintegration) per second. 1 Bq=2.7x10"" Curies (Ci)
= 27.03 picocuries (pCi).

Berm A horizontal shelf or ledge built into the embankment or sloping wall of

an open pit, quarry, or ground surface to break the continuity of an
otherwise long slope and to strengthen its stability or to catch and arrest
slide material.

Beta Particle An electron emitted from an atom’s nucleus during radioactive decay.
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Beneficiated

Bioremediation

Brannerite

Breccia

Byproduct
Materials

Carbonates

Cleanup

Coffinite

Consolidated

Contamination

Core Sample

Conventional Mining

The initial attempt at liberating and concentrating a valuable mineral
from extracted ore. This is typically performed by employing various
crushing, grinding and froth flotation techniques. The remaining
(beneficiated) material is often physically and chemically similar to the
material (ore or mineral) that entered the operation, except that particle
size reduction has often occurred.

The use of biological agents, such as bacteria or plants, to remove or
neutralize contaminants, as in polluted soil or water.

A radioactive uranium bearing mineral, (U,Ca,Y,Ce)(Ti,Fe),O4

A coarse-grained clastic rock, composed of angular broken rock
fragments held together by a mineral cement or in a fine-grained matrix.
Breccia may originate as a result of talus accumulation, explosive
igneous processes, collapse of rock material, or faulting.

Tailings or wastes produced by the extraction or concentration of
uranium or thorium from any ore processed primarily for its source
material content, including discrete surface wastes resulting from
uranium solution extraction processes. Underground ore bodies depleted
by such solution extraction operations do not constitute Abyproduct
material@ within this definition.

A sediment or sedimentary rock formed by the organic or inorganic
precipitation from aqueous solution of carbonates of calcium,
magnesium, or iron; e.g., limestone and dolomite.

Actions taken to deal with a release or threatened release of hazardous
substances that could affect public health or the environment. The term
is often used broadly to describe various Superfund response actions or
phases of remedial responses, such as remedial investigation/feasibility
study. Cleanup is sometimes used interchangeably with the terms
remedial action, response action, or corrective action.

A naturally occurring uranium mineral, U(Si04)1-x(OH)ax

In geology, any or all of the processes whereby loose, soft, or liquid
earth materials become firm and coherent, either cemented or non-
cemented together.

The presence of residual radioactivity, heavy metals or other pollutants
in excess of levels which are acceptable for release of a site or facility
for unrestricted use.

A soil, rock, or sediment sample taken by core drilling.

Mining which uses either mechanical open-pit surface mining methods,
or underground mining methods, or a combination of both, to extract ore
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Curie (Ci)

Decline

Decommission

Decommissioning

Drill Cuttings

Drilling Wastes

Dose

Electrodialysis

Elution

Evaporative Ponds

from the ground. This is opposed to unconventional or solution mining
methods.

The customary unit of radioactivity. One curie (Ci) is equal to 37 billion
disintegrations per second (3.7 x 10'° dps = 3.7 x 10'° Bq), which is
approximately equal to the decay rate of one gram of Ra-226. Fractions
of a curie, e.g. picocuries (pCi) or 10" Ci and microcurie (uCi) or 10
Ci, are levels typically encountered in radiation measurements of NORM
or TENORM.

A downward ramp.

To remove a facility or site safely from service and reduce residual
radioactivity to a level that permits release of the property and
termination of a source materials license and other authorization for site
operation.

The process of removing a facility or site from operation, followed by
decontamination, and license termination (or termination of authorization
for operation) if appropriate. The objective of decommissioning is to
reduce the residual radioactivity in structures, materials, soils,
groundwater, and other media at the site so that the concentration of each
radionuclide contaminant that contributes to residual radioactivity is
indistinguishable from the background radiation concentration for that
radionuclide.

The particles of rock produced in a borehole or drill hole by the abrasive
or percussive action of a drill bit; erosive effect of the circulating liquid;
or cavings from the borehole. At some mines and operations sites, cores
of rock from a well or borehole may be left behind as wasteCreferred to
in this report as drill cuttings for convenience.

Wastes associated with a drillhole operation at a mine or extraction
facility that are not considered cuttings or cores. May include drill muds
or other drilling fluids, sludges, or evaporation products collected in
excavated pits from waste water produced during drilling.

A general term used to refer to the effect on a material that is exposed to
radiation. It is used to refer either to the amount of energy absorbed by a
material exposed to radiation, or to the potential biological effect in
tissue exposed to radiation

A means of extracting one or more dissolved materials from a liquid
mixture, the process is dialysis assisted by the application of an electric

potential across a semi-permeable membrane.

Process of removing an economic mineral (uranium) from an ion
exchange filter or resin.

Areas where mine water or other produced water is placed and dried by
evaporation, leaving a residue of solids or sludges.

Al-6



Evaporite

Excavated Wall

Exposure Pathway

External Radiation

Extraction Facility

Extraction Process

Gamma Radiation

Gangue

Garnet

Half-Life (t, )

Heap-Leaching

An inorganic chemical sediment that precipitates when the salty water in
which it had dissolved evaporates.

A wall of mineral ore that has been exposed by mining over a
considerable width at one time.

The route by which radioactivity travels through the environment to
eventually cause radiation exposure to a person or group (e.g., air or
water). Also, the route by which a member of the public is exposed (e.g.,
ingestion, inhalation).

Radiation from a source outside the body.

An industrial complex and land on which are located buildings, wells and
pipelines, mechanical and chemical equipment, storage and
transportation equipment licensed by the Nuclear Regulatory
Commission or its Agreement States for the purposes of extracting
uranium (source material) in accordance with the Atomic Energy Act.

A process used to extract uranium from ore, either by milling and
chemically treating the ore, or using chemical solutions to treat
underground ore (in situ leaching), or by treating mined and crushed ore
on the surface (heap leaching). These processes are licensed activities by
the Nuclear Regulatory Commission or its Agreement States in
accordance with the Atomic Energy Act.

Penetrating high-energy, short-wavelength electromagnetic radiation
(similar to X-rays) emitted during radioactive decay. Gamma rays are
very penetrating and require dense materials (such as lead or steel) for
shielding.

The valueless minerals in an ore; that part of an ore that is not
economically desirable but cannot be avoided in mining. It is separated
from the ore minerals during concentration.

A group of silicate minerals found in igneous rocks, usually red in color,
used as a semi-precious stone in crystalline form, or ground into smaller
particles and used for abrasives such as in sandpaper coating.

The time required for one-half of the atoms of a particular radionuclide
present to disintegrate.

A method of extraction by which mineral bearing ores are leached on the
ground surface from weathered low-grade ore. The crushed material is
laid on a slightly sloping, impervious pad and uniformly leached by the
percolation of leach liquor trickling through the beds by gravity to ponds.
The metals are recovered by conventional methods from the solution.
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Igneous

Ilmenite

Incline

In Situ Leaching (ISL)

Ion Exchange

Lab Waste

Leachate

Leach Liquor

Leuxocene

Lithologic

Longwall Retreat

Lixiviant

Rock or mineral that solidified from molten or partly molten material,
i.e., lava or magma. These rocks constitute one of the three main classes
into which all rocks are divided: igneous, metamorphic, and sedimentary.

An iron-black, opaque mineral (FETiO;) which is the principal ore of
titanium.

A slanting shaft from the surface into an underground mine. Most
commonly referring to an upward slope.

A method of extraction by which mineral bearing ores are leached
underground by the introduction of a solvent solution, called a lixiviant,
through injection wells drilled into the ore body. The process does not
require the extraction of ore from the ground. The lixiviant is injected,
passes through the ore body, and mobilizes the mineral, and the mineral-
bearing solution is pumped to the surface from production wells. The
pregnant leach solution is processed to extract the mineral sought after.

A common water-softening method often found on a large scale at water
purification plants that remove some organics and radium by adding
calcium oxide or calcium hydroxide to increase the pH to a level where
the metals will precipitate out.

Wastes of any kind generated by a laboratory, usually on-site, analyzing
rock, sediment, water or other samples obtained at the mine or extraction
facility, or its vicinity.

A solution obtained by leaching; e.g., water that has percolated through
soil containing soluble substances and that contains certain amounts of
these substances in solution.

Lixiviant which contains minerals dissolved from host rocks.

General term for a fine-grained, opaque, whitish alteration (weathering)
product of ilmenite in mineral form.

Character of a rock described in terms of its structure, color, mineral
composition, grain size, and arrangement of its component parts; all
those visible features that in the aggregate impart individuality to the
rock. Lithology is the basis of correlation in coal mines and commonly is
reliable over a distance of a few miles.

A method of mining flat-bedded deposits, in which the working face is
mined over a considerable width at one time. The excavation retreats
towards the shaft. In this method, all the roadways are in the ore body
and the waste areas are left behind.

A liquid medium that selectively extracts the desired metal from the ore
or material to be leached rapidly and completely, and from which the
desired metal can then be recovered in a concentrated form.
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Mill Tailings

Mine

Mine Footprint

Mineral Sands

NORM

Ore

Overburden

Permeable Reactive
Barrier

Pillar

Pit Lake

Pit Lake Water

Protore

Residue of raw material or waste separated out during the processing of
uranium mineral ores. Byproduct material in accordance with the AEA.

Mining is the mechanical process by which mineral ores are extracted
from the earth.

The areal extent of land physically disrupted by a mine operation.

Eroded and generally unconsolidated sedimentary particles of rock
minerals of sand size which have accumulated in a geologic deposit, and
may be exploited or concentrated for economic purposes.

Naturally Occurring Radioactive Materials. Materials which may contain
any of the primordial radionuclides or radioactive elements as they occur
in nature, such as radium, uranium, thorium, potassium, and their
radioactive decay products, that are undisturbed as a result of human
activities.

The naturally occurring material from which a mineral or minerals of
economic value can be extracted profitably or to satisfy social or political
objectives. The term is generally but not always used to refer to
metalliferous material, and is often modified by the names of the
valuable constituent; e.g., iron ore; ore mineral.

Designates material of any nature, consolidated or unconsolidated, that
overlies a deposit of useful materials or ores, especially those deposits
that are mined from the surface by open cuts or open-pit methods.

An emplacement of reactive materials in the subsurface designed to
intercept a contaminant plume, provide a preferential flow path through
the reactive media, and transform the contaminant(s) into
environmentally acceptable forms to attain remediation concentration
goals at points of compliance.

A column of ore left to support the overlying strata or hanging wall in a
mine, generally resulting in a "room and pillar" array. Pillars are
normally left permanently to support the surface or to keep old workings
water tight.

A lake which has formed by accumulation of water in an open-pit mine
excavation.

Water which has filled an open-pit mine excavation, usually derived as
water from underground workings of the mine.

Mineral bearing rock that cannot be further processed at a profit under

existing conditions but that may become profitable with technological
advances or price increases.
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Pseudomorph

Radiation Survey
Radiological
Survey)

Radioactivity

Radioactive Decay

Radionuclide
Reclamation

Reductant
or Reduction

Regulation

Rem

Remediation

A mineral whose outward crystal form is that of, or which resembles
another mineral species: it has developed by alteration, substitution,
incrustation, or other mineral process.

Measurements of radiation levels associated with a site together (or
with appropriate documentation and data evaluation.

The mean number of nuclear transformations occurring in a given
quantity of radioactive material per unit time. The International
System (SI) unit of radioactivity is the Becquerel (Bq). The
customary unit is the Curie (Ci).

The spontaneous transformation of an unstable atom into one or more
different nuclides accompanied by either the emission of energy and/or
particles from the nucleus, nuclear capture or ejection of orbital
electrons, or fission. Unstable atoms decay into a more stable state,
eventually reaching a form that does not decay further or has a very
long half-life.

An unstable nuclide that undergoes radioactive decay.
Restoration of mined land to original contour, use or condition.

The addition of hydrogen, removal of oxygen, or addition of electrons to
an element or compound.

A rule, law, order, or direction from federal, state, or Tribal governments
regulating action or conduct. Regulations concerning radionuclides in the
environment in the United States are shared by the Environmental
Protection Agency (EPA), the U.S. Nuclear Regulatory Commission
(NRC), the U.S. Department of Energy (DOE), state and Tribal
governments.

Radiation Equivalent in Man. The conventional unit of dose equivalent.
The corresponding International System (SI) unit is Sievert (Sv): 1 Sv =
100 rem.

Cleanup or other methods used to remove or contain a toxic spill or
hazardous materials from a Superfund site, or uranium mine or extraction
facility, including those included under the Uranium Mill Tailings
Radiation Control Act (UMTRCA).
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Refuse

Removal

Rill

Risk Assessment

Room and Pillar

Rutile

Saturated Zone

Scanning

Secular Equilibrium

Sievert (Sv)

Site

Soils

Solid waste. Non-liquid, non-soluble materials ranging from municipal
garbage to industrial wastes that contain complex and sometimes
hazardous substances. Solid wastes also include sewage sludge,
agricultural refuse, demolition wastes, mining equipment and mining
residues. Technically, solid waste also refers to liquids and gases in
containers.

The cleanup or removal of released hazardous substances, or pollutants
or contaminants which may present an imminent and substantial danger;
such actions as may be necessary taken in the event of the threat of
release of hazardous substances into the environment; such actions as
may be necessary to monitor, assess, and evaluate the threat of release of
hazardous substances; the removal and disposal of material, or the taking
of other such actions as may be necessary to prevent, minimize or
mitigate damage to the public health or welfare or the environment.

A small channel, as one formed by erosion.

Qualitative and quantitative evaluation of the risk posed to human health
and/or the environment by the actual or potential presence and/or use of
specific pollutants.

A conventional method of underground mining in which natural pillars
are left unmined for support between the mined rooms.

A usually reddish-brown mineral (TiO,) that is an ore of titanium.

A subsurface zone of soil or rock in which all the pore spaces are filled
with water under pressure greater than that of the atmosphere. This zone
is separated from the zone of aeration (above) by the water table.

An evaluation technique performed by moving a detection device over
a surface at a specified speed and distance above the surface to detect
radiation.

A state of parent-daughter equilibrium that is achieved when the half-
life of the parent radionuclide is much longer than the half-life of the
daughter radionuclide decay product. In this case, if the two are not
separated, t